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Cellulosic filaments, found in plants, are crucial structural elements for their 
survival and are a great source of inspiration to obtain new functional materials.  
The work performed out in this thesis aimed for the isolation, physical 
characterization, study of the morphology and shape, as well as the mechanical 
behaviour of cellulosic filaments obtained from the leaves of Agapanthus 
africanus and Ornithogalum thyrsoides and from the filaments that form the 
ribbons existing on the awns of the Erodium plants. These cellulosic filaments 
and filament networks were chosen due to the fundamental role that they play in 
the plant kingdom and their ability to change shape in the presence of an external 
stimuli. The study of the chosen systems served as an inspiration for the 
preparation and production of new membranes formed by non-woven networks 
of micro/nano filaments. A prototype, which allows for the selective removal of oil 
micro droplets from aqueous emulsions, was developed.  
This dissertation begins with a general introduction, based on two review 
papers, which the author of this thesis is the first author, in which the main 
concepts used in the following chapters are addressed and interconnected. The 
original part of the work is in chapters II, III and IV. 
In chapter II, the study of microfilaments from the leaves tracheary of two 




microfilaments belong to plants of the same order and have identical shapes (left 
helices), chemical composition and skeletons, but different mechanical 
properties. For the first time, micrometric droplets of a nematic liquid crystal were 
used as sensors to reveal the morphology of the filaments. In order to obtain 
quantitative characteristics on the surface of the microfilaments, photos of the 
textures of pierced droplets were obtained by Polarized Optical Microscopy 
(POM). These textures were compared with simulated optical microphotographs 
obtained by numerical modelling for the nematic droplets. Homeotropic anchoring 
at the air, and different anchoring conditions, at the interfaces with the filaments 
were considered for the nematic structure. This study allowed the establishment 
of relationships between the physical properties/morphology of the filaments and 
to determine their interactions with other filaments and with the environment.  
In chapter III, cellulosic networks existing on dead tissues of the Erodium 
awns were isolated and characterized. An interesting feature of these cellulosic 
networks is that they form ribbons that change reversibly the shape in the 
presence of moisture. When dried these ribbons are right-handed helices, that 
uncoil remaining taut, in the presence of moisture. The work performed allowed 
the preparation of helical ribbons that can change the shape from right- to left-
handed helices in the presence of moisture. The behaviour observed was 
explained using computational simulations, considering filaments that contract 
and expand asymmetrically. Birefringent transparent ribbons were also isolated. 
The asymmetric arrangement of cellulosic fibres allows the material to be 
stimuli-responsive without the use of complicated lithography and intricate 
deposition techniques, making it suitable for a diverse range of applications, such 
as the production of intelligent textiles and environmental friendly micro 
components. 
In chapter IV, non-woven membranes obtained from cellulosic materials 
and cellulose nanocrystals were prepared and characterized. Different patterns 
were designed using the screenprinting technique. The adhesion between the 
different types of cellulosic fibres was promoted through a heat treatment. The 
non-woven membranes produced allowed the development of a prototype that 
selectively removes oil droplets from aqueous emulsions with an efficiency of 
approximately 80%.  
Throughout this thesis (chapters II and III), the complexity of the systems 
increases. The work begins by studying the morphology of a filament and its 




complex system, in which anisotropic filament networks, produced by the 
Erodium plant were addressed. The stimuli-responsive behaviour of these 
anisotropic networks was investigated after being released by the plant. Based 
on the understanding of the systems formed by cellulosic filaments, studied in 
chapters II and III, functional non-woven membranes were produced, printed, and 
characterized. The non-woven membranes led to the development of a prototype, 
which allows the selective removal of micro droplets of oil form aqueous 
emulsions. 
At the end, a summary of the main scientific results and future work 
including a technological application, which was developed in the framework of 
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Os filamentos celulósicos, existentes nas plantas, são elementos 
estruturais cruciais para a sua sobrevivência e fontes de inspiração para a 
obtenção de novos materiais funcionais.  
O trabalho realizado nesta tese visou o isolamento, caracterização física, 
estudo da morfologia e forma, assim como do comportamento mecânico de 
filamentos celulósicos obtidos a partir das folhas das plantas Agapanthus 
africanus e Ornithogalum thyrsoides e de filamentos que formam fitas existentes 
nas hastes da planta Erodium. Estes filamentos e redes de filamentos celulósicos 
foram escolhidos devido ao papel fundamental que desempenham no reino 
vegetal e à resposta que podem apresentar na presença de estímulos externos. 
O estudo dos sistemas escolhidos serviu de inspiração para a preparação e 
fabrico de novas membranas formadas por redes não tecidas de filamentos 
micro/nanométricos e o desenvolvimento de um protótipo, que permite a 
remoção seletiva de microgotas de óleo de emulsões aquosas.  
Inicia-se com uma introdução de caracter geral, baseada em dois artigos 
de revisão, dos quais a autora desta tese é primeira autora, na qual se abordam 
e interligam os conceitos principais, que são utilizados nos capítulos seguintes. 




No capítulo II é feito o estudo de microfilamentos existentes nos sistemas 
vasculares das folhas de duas plantas, Agaphantus africanus e Ornithogalum 
thyrsoides. Estes microfilamentos pertencem a plantas da mesma ordem e 
possuem formas (hélices esquerdas), composições químicas e esqueletos 
idênticos, mas apresentam propriedades mecânicas distintas. Pela primeira vez 
foram utilizadas gotas micrométricas de um cristal líquido nemático como 
sensores da morfologia dos filamentos isolados. De modo a obter características 
quantitativas sobre a superfície dos microfilamentos, fotos de texturas obtidas 
por microscopia com luz polarizada foram comparadas com microfotografias 
óticas simuladas a partir de modelação numérica de um meio contínuo das 
estruturas das gotas nemáticas, com ancoragem homeotrópica na superfície 
com o ar suspensas nos microfilamentos com diferentes ancoragens. O estudo 
realizado permitiu estabelecer relações entre as propriedades físicas/morfologia 
dos filamentos e determinar as suas interações com outros filamentos e com o 
meio ambiente. 
No capítulo III foram isoladas e caracterizadas redes celulósicas existentes 
nas hastes de tecidos mortos da planta Erodium. Uma característica interessante 
destas redes celulósicas é a de formarem fitas que mudam reversivelmente de 
conformação na presença de humidade. Quando secas estas fitas são hélices 
direitas, que na presença de humidade desenrolam para fitas esticadas, sem 
torção nem flexão. Este trabalho permitiu induzir uma inversão de quiralidade 
nas fitas que foi explicada pelo uso de simulações computacionais considerando 
que as fitas contraem e esticam de modo assimétrico. Fitas birrefringentes 
transparentes também foram isoladas. A disposição assimétrica das fibras 
celulósicas permite a resposta do material não envolvendo o uso de técnicas 
complicadas de litografia nem de deposição, podendo ser aplicado, por exemplo, 
no fabrico de têxteis inteligentes e de microcomponentes amigos do ambiente. 
No capítulo IV foram preparadas e caracterizadas membranas não tecidas 
obtidas a partir de soluções de derivados celulósicos e de celulose nano 
cristalina. Foram desenhadas diferentes geometrias pela utilização da técnica de 
“screenprinting” e promovida a adesão entre os diferentes tipos de fibras 
celulósicas através de tratamento térmico. As membranas não tecidas 
produzidas permitiram o desenvolvimento de um protótipo que remove, de forma 




Ao longo desta tese (capítulo II e III), a complexidade dos sistemas 
estudados aumenta, isto é, começa-se por estudar a morfologia de um filamento 
e o seu comportamento mecânico na presença de outros filamentos, para depois 
se passar para um sistema muito mais complexo em que redes anisotrópicas de 
filamentos, impressas pela planta Erodium, permitem a resposta a estímulos 
externos da estrutura formada, mesmo após esta ter abandonado a planta. 
Tendo por base a compreensão dos sistemas formados por filamentos 
celulósicos, estudados nos capítulos II e III, foram produzidas, impressas e 
caracterizadas, no laboratório, membranas funcionais tecidas de filamentos 
micro/nano celulósicos. As membranas não tecidas originaram o 
desenvolvimento de um protótipo, que permite a remoção seletiva de micro gotas 
de óleo existentes em emulsões aquosas.  
No final é apresentado um sumário dos principais resultados científicos e 













cristal líquido nemático 











Symbols and Abbreviations  
APC (acetoxypropyl)cellulose 
HEMA 2-hydroxyethyl methacrylate  
5CB 4-Cyano-4'-pentylbiphenyl 
ABS acrylonitrile butadiene styrene 
AUG anhydroglucose 
aCNC annealed cellulose nanocrystal 
ATR attenuated total reflectance 
BNC bacterial nanocellulose 
β beta 
CA cellulose acetate 
CNC cellulose nanocrystal 
CSEs cellulose stearoyl esters 
⁰ degree 
⁰𝐶 degree Celsius 
𝐷𝑃 degree of polymerization 





𝑑 hydrodynamic diameter of the chain 
HCl hydrogen chloride 
HPC hydroxypropylcellulose 
IR infrared 
𝑙𝑘 Kuhn segment length 
LAMMPS Large-scale Atomic/Molecular Massively Parallel Simulator 
LCP left circularly polarized  
L left-handed helix 
MRI Magnetic Resonance Imaging 
MIP maximum intensity projection 
MFC microfibrillated cellulose 
𝜇𝑚 micrometre 








POM Polarized Optical Microscopy 
PBMA poly(butyl methacrylate) 
PEGDA poly(ethylene glycol) diacrylate 
PVA poly(vinyl acetate) 
𝑞 polymer chain persistence length 
RH relative humidity 
RCP right circularly polarized 
 
xxiii 
R right-handed helix 
SEM Scanning Electron Microscopy 
𝑆𝐴 smectic A 
𝑆𝐵 smectic B 
𝑆𝐶 smectic C 
TMOS tetramethyl orthosilicate 
t tons 
wt weight  
𝑀𝑤 weight average molecular weight 
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Chapter 2 - Revealing Filamentary Cellulose Nano/Microstructures in 
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1.1. Short Overview 
 
Multifunctional materials with fascinating properties can be prepared from 
cellulose-based liquid crystals and from composite cellulosic materials that 
combine functionality with structural performance. The inspiration for the 
production of these materials comes from the cellulose structures that exist in 
plants. Nature produces several hierarchical cellulose structures, spanning from 
the molecular to the nano, micro, and macroscales, which are the basis for the 
development of different adaptive materials that can spontaneously change their 
physical properties such as shape and colour. This capability is at the source of 
the development of next-generation stimuli-responsive materials. In this chapter, 
a brief introduction is presented for cellulose, liquid crystals, colloidal 





addressed, inspired in cellulose-based anisotropic systems, found in plants and 
in produced cellulose nanofilaments. Cellulose-based, water-responsive systems 
of plants are focused, and the role of anisotropic structures in controlling shape 
changes, that are moisture-dependent, in various materials, is highlighted. 
Cellulose-based fibres from anisotropic solutions, which are produced on-
demand at micro/nanoscale mimicking some of the shapes of natural fibres found 
in plants, are discussed. Finally, cellulose liquid crystalline-based responsive 
structures to various external stimuli and interactions with the environment are 
also described.  
 
 
1.2. Cellulose  
 
The French chemist Anselme Payen isolated cellulose in 1838, a water-
insoluble substance, from green plants as the main molecule in cell walls of 
higher plants. Payen determined the empirical formula, 𝐶6𝐻10𝑂5, by elemental 
analysis, and observed the isomerism with starch (Payen 1838, Fisher 1989). 
The name cellulose derives from the Latin cellula meaning “little cell” along with 
the “ose” indicating the sugar present in the cells. Another etymological theory is 
based on the name from the Latin adjective cellulosa meaning “full of little cells” 
(French et al. 2018). The term “cellulose” for plant constituent was first used in 
1839 in a report of the French Academy on the work of Payen (Fisher 1989).  
The use of cellulose dates back to thousands of years and nowadays its 
production from plants is estimated to be approximately 1.8 × 1011 tons per year 
(Gardner et al. 1974, Wang et al. 2020). Cellulose can also be produced by some 
species of bacteria such as the non-pathogenic bacteria of the genus 
Komagateibacter, K. xylinus, former Acetobacter and Gluconacetobacter (Brown 
1886, Ohad  et al. 1962, Portela et al. 2019). In addition, cellulose is produced by 
some algae, oomycetes, the amoeboid protozoa Dictyostelium discoideum, and 
a group of marine animals, the tunicates (Hol et al. 1973, de Souza Lima et al. 
2002, Dunlop et al. 2018).  
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The elucidation of the polymeric structure of cellulose can be traced back to 
1920 with the ground-breaking work of Hermann Staudinger (Staudinger 1920). 
Cellulose is formed by 𝛽-D-glucopyranose unit linked by (1→4) glycosidic bonds. 
Cellulose is a main chain polymer that results from the reaction of glucose 
molecules by the condensation of water. Cellulose is a linear-chain polymer with 
a large number of hydroxy groups (three per anhydroglucose unit (AGU)). To 
accommodate the preferred bond angles of the acetal oxygen bridges, every 
second AGU ring is rotated 180 ° in the plane and cellobiose is the repetitive unit 
of cellulose (Figure 1. 1) (O'Sullivan 1997, Kamide 2005, Klemm et al. 2005). 
 
 
Figure 1. 1– Molecular structure of cellulose (𝒏 = 𝑫𝑷, degree of polymerization). The 
repetitive unit of cellulose is cellobiose and the –  𝑶𝑯 groups are responsible for the formation of 
hydrogen bonds.  
 
The average degree of polymerization (𝐷𝑃̅̅ ̅̅ ) of cellulose, varies with its origin 
and treatment, and is defined as the number in average of the β-glucose units 
(Parisot et al. 1951). The cellulose chain has at one end a D-glucose unit with a 
𝐶4 − 𝑂𝐻 group (the nonreducing end), and at the other end a D-glucose unit with 
a 𝐶1 − 𝑂𝐻 group, which is in equilibrium with the aldehyde structure (the reducing 
end) (Roehrling et al. 2003, Klemm et al. 2005). In nature, cellulose chains have 
a  𝐷𝑃̅̅ ̅̅  of approximately 10 000 glucopyranose units in wood and 15 000 in native 
cotton (SjöStröm 1993). 
The insolubility of cellulose in water and in most organic solvents is due to 
its supramolecular structure. The supramolecular structure of cellulose can be 
characterized by the degree of crystallinity, crystallographic parameters, 
crystallite dimensions and defectivity, structural indices of amorphous domains, 
dimensions of fibrillar formations (Ioyelovich 1991). The physicochemical 
properties of cellulose are determined by a defined hierarchical order in 
supramolecular structure and organization. The molecular structure imparts 
cellulose with its characteristic properties: hydrophilicity, chirality, degradability, 
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and broad chemical variability, initiated by the high donor reactivity of the 𝑂𝐻 
groups (Klemm et al. 2005). One of the reasons for the stability of cellulose is that 
it is usually in the form of crystals that have extensive Van der Waals attractive 
forces as well as hydrogen bonds (Bergenstråhle et al. 2010, French et al. 2014, 
French et al. 2018). 
 
1.2.1. Crystalline cellulose  
 
Cellulose is polymorphic, exists in several crystal forms, differing in unit cell 
dimensions and, possibly, in chain polarity (Gautam et al. 2010). Cellulose I, also 
known as native cellulose because it is the form found in nature, presents two 
different crystalline cellulose I modifications (𝐼𝛼 and 𝐼𝛽), which can be found 
alongside each other, as a result of the biosynthesis (French et al. 2018). The 
𝐼𝛼 𝐼𝛽⁄  ratio depends on the source of the cellulose (Atalla et al. 1984). The 
molecular mechanisms that determine the formation of these two forms of 
cellulose in different organisms are widely studied. The 𝐼𝛼 form has triclinic space 
group and only one repeating cellobiose in the unit cell possessing a parallel 
structure. The conversion of the 𝐼𝛼 form to the 𝐼𝛽 form by hydrothermal heating 
indicates that the 𝐼𝛽 form which has two independent chains must also be parallel 
(Kroon-Batenburg et al. 1997, Pérez et al. 2010). 
Apart from the cellulose I, cellulose may occur in other crystal structures 
(cellulose II, III and IV), of which cellulose II is the most stable structure of 
relevance (Klemm et al. 2005). The structure of cellulose II was amended by 
neutron fibre diffraction analysis (Langan et al. 1999). Two chains of cellulose are 
located antiparallel on the axis of the monoclinic cell, while the chains are 
displaced relative to each other by one fourth of the AGU (Heinze 2016). 
Cellulose II, may be obtained from cellulose I by two processes: 
a) regeneration, which is the solubilization of cellulose I in a solvent 
followed by reprecipitation by dilution in water to obtain cellulose II, and 
b) mercerization, which is the process of swelling native fibres in 
concentrated sodium hydroxide, where no solubilization occurs, to 
yield cellulose II on removal of the swelling agent.  
Cellulose III is formed, in a reversible process, from cellulose I and II, by 
treatment with liquid ammonia or certain amines, and subsequent evaporation of 
excess ammonia. A hexagonal unit cell is reported for cellulose III (Gautam et al. 
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2010). Cellulose IV may be prepared by heating cellulose III, to 206 °𝐶, in glycerol 
(Marrinan et al. 1956, Hayashi et al. 1975, O'Sullivan 1997).  
An equally important factor in crystals is the crystallite dimensions and the 
group symmetry. Different crystallite sizes can be found for cellulose from 
different sources, and can range ,for example, from 3.5 –  4.0 𝑛𝑚 for herbaceous 
plants and wood, 5.0 –  7.0 𝑛𝑚 for linseed cellulose, 1 − 2 µ𝑚 for Algae and 
0.2 –  0.3 µ𝑚 for cotton (Fink et al. 1990, Ioyelovich 1991, French et al. 2018).  
The structure of cellulose crystallites was assumed to be chiral with a screw-like 
shape, and when the packing of two microfibrils occurs they are shifted by a few 
degrees (Figure 1. 2). Alignment of the “thread” of one rod with the “groove” of 
its neighbour results in closer packing that is observed if the long axes of the rods 
are parallel to one another (Fleming et al. 2001).  
 
Figure 1. 2 – Schematic representation of the tight packing achieved by chiral interaction 
of screw-like crystallites of cellulose (Fleming et al. 2001). 
 
In plants, polysaccharides exist in the primary, secondary, and tertiary cell 
walls. Primary and secondary walls differ in the arrangement of the cellulose 
chains. The tertiary cell wall contains a lower level of cellulose. The primary cell 
wall is less ordered and essentially composed of cellulose chains randomly 
oriented within the plane of the wall. In the secondary cell wall, the cellulose 
chains are grouped in microfibrils which are parallel and aligned with the fibre 
axes, resulting in a more densely packed arrangement (O'Sullivan 1997, French 
et al. 2018). Cellulose represents a good raw material for many fields of 
application, and the presence of hydroxyl groups in the main chain makes it 
suitable for chemical reactions of substitution, where the hydrogen atom of each 
hydroxyl group can be replaced with different chemical groups. The addition of 
lateral chains to the cellulose backbone, opens the opportunity to produce 
different cellulose derivatives, depending on the substituent and on its degree of 





The isolation, characterization, and search for applications of cellulose have 
been the subject of many studies. Novel methods for their production range from 
top-down methods involving enzymatic/chemical/physical methodologies from 
wood and forest/agricultural residues to the bottom-up production of cellulose 
microfibrils from glucose by bacteria. The cellulosic materials attained using 
these two methodologies are generically referred as nanocelluloses (Klemm et 
al. 2011). Nanocelluloses may be classified in three main subcategories: 
microfibrillated cellulose, nanocrystalline cellulose and bacterial nanocellulose.  
Microfibrillated cellulose (MFC) produced by forcing suspensions of 
wood-based cellulose fibres throughout mechanical devices, such as high-
pressure homogenizers. The mechanical treatment delaminates the fibres 
allowing the production of microfibrils with diameter ranging from 5 –  60 𝑛𝑚 
(Turbak et al. 1983, Pääkkö et al. 2007).  
Cellulose nanocrystals (CNCs), also known as whiskers, consist of rod like 
cellulose crystals having widths in the range of 5 –  70 𝑛𝑚 and lengths between 
100 𝑛𝑚 and several micrometres (Klemm et al. 2011, Ciolacu et al. 2016, Rojas 
2016, Visakh 2016). They are generated by the removal of amorphous sections 
of a purified cellulose source by acid hydrolysis, often followed by ultrasonic 
treatment, as illustrated in the scheme presented in Figure 1. 3. Disordered or 
amorphous regions of cellulose are preferentially hydrolysed, whereas crystalline 
regions that have higher resistance to the acidic attack, and cellulose rod-like 
nanocrystals are produced.  
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Figure 1. 3 – Scheme of the production of cellulose nanocrystals by acid hydrolysis. The 
amorphous regions are hydrolysed and removed by the acid while the crystalline moieties are 
maintained (adapted from (Mishra et al. 2018)).  
 
Typical procedures employed to produce CNCs consist of subjecting pure 
cellulosic material to strong acid hydrolysis under strictly controlled conditions of 
temperature, agitation, and time. The surface functionalities of the CNCs depend 
on the mineral acid used in the hydrolysis. For example with hydrogen chloride, 
𝐻𝐶𝑙, weakly negatively charged particles are obtained, but if sulfuric acid, 𝐻2𝑆𝑂4, 
is used, the obtained particles are more negatively charged and approximately 
one tenth of the glucose units can be functionalized with sulphate ester groups 
(Klemm et al. 2011, M. et al. 2016). The suspension is subsequently diluted with 
water and washed with successive centrifugations, to control the value of the pH 
of the suspension. Dialysis against distilled water is then performed to remove 
any free acid molecules from the dispersion. Additional steps such as filtration, 
differential centrifugation, or ultracentrifugation can also be used (Klemm et al. 
2011). The dimensions of the crystals were also found to depend on the duration 
of the hydrolysis, whereby a longer reaction time produced shorter crystals (Beck-
Candanedo et al. 2005). The dimensions of the crystals produced are dependent 
of the source and degree of crystallinity of the source of cellulose (Klemm et al. 
2011).  
 Bacterial nanocellulose (BNC), also designated by bacterial cellulose is 
produced by some species of bacteria, such as Acetobacter, Acanthamoeba, and 
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Achromobacter ssp. By selecting the substrates, cultivation conditions, various 
additives, and finally the bacterial strain, it is possible to control the molar mass, 
the molar mass distribution, and the supramolecular structure of the produced 
cellulose. Several strains of K. xylinus produce extracellular cellulose forming a 
biofilm of varying thickness with the purpose of maintaining a high oxygenation 
of the colonies near the surface, which serves as a protective barrier against 
dehydration, natural enemies and radiation (Portela et al. 2019). In contrast to 
MFC and CNC isolated from cellulose sources, BNC is formed as a polymer and 
nanomaterial by biotechnological assembly processes from low-molecular-
weight carbon sources, such as D-glucose. The produced BNC is composed of 
a nanofibers nonwoven network, with fibre diameter ranging from 20 to 100 𝑛𝑚 
having a remarkable water content of 99 %. BNC presents high degree of 
polymerization, with 𝐷𝑃̅̅ ̅̅  values of 2000 − 8000, and high crystallinity with values 
of 60 − 90% (Klemm et al. 2011) (Klemm et al. 2005). 
Nanocelluloses combine important cellulose properties, such as 
hydrophilicity, broad chemical-modification capacity, and the formation of 




1.3. Liquid crystals 
 
Some materials do not show a single-phase transition from solid to isotropic 
liquid, but rather a cascade of transitions involving mesomorphic phases. The 
mechanical properties and the symmetry properties of these phases are 
intermediate between those of a liquid and of a crystal. For this reason, they are 
called liquid crystals, or mesomorphic phases (de Gennes 1974). The discovery 
of the liquid crystalline state is attributed to Friedrich Reinitzer (Reinitzer 1888), 
an Austrian botanist and chemist at the German University in Prague, 
Czechoslovakia. He studied several esters of cholesterol, extracted from carrots, 
a natural product that is not only present in plants but also in animals, and found 
the phenomenon of “double melting”. Reinitzer observed that at a certain 
temperature, 145.5 ⁰𝐶, the compound changed from a crystalline solid phase to 
an opaque liquid, which transformed at a defined higher temperature, 178.5 ⁰𝐶, 
to an optically clear liquid. Furthermore, the phenomenon appeared to be 
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reversible. Reinitzer was not able to explain the curious phenomenon of “double 
melting” and the existence of the opaque liquid. To solve this problem, he sent 
samples of the compounds to Otto Lehmann, a physicist and leading 
crystallographer at the Technical High School of Karlsruhe in Germany. Lehmann 
noticed the optical anisotropy of the translucid liquid phases of Reinitzer’s 
cholesterol esters. He claimed that the optical anisotropy of these liquids could 
be attributed to the existence of elongated molecules aligned, in average, along 
with their long axes and created the designation “fluid crystals” and “liquid 
crystals” (Lehmann 1889). In 1922, the French crystallographer Georges Friedel 
(Friedel 1922) convincingly argued that liquid crystals represented new states of 
matter, intermediate or mesomorphic, between solid crystals and ordinary liquids  
and a new phase of matter was born. In his work Friedel gave the first 
classification scheme for naming different phases of liquid crystals: nematic, 
cholesteric, and smectic (Friedel 1922, Palffy-Muhoray 2007, Mitov 2014).  
Liquid crystals are formed by anisometric entities, such as aggregates of 
molecules in surfactant solutions, known as micelles (Singh et al. 2016), that 
present long range orientational but not positional order. The order in a solid 
crystal is positional and orientational, and the molecules are constrained to 
occupy specific sites in a lattice and to point their molecular axes in specific 
directions. The molecules in isotropic liquids, on the other hand, are not subjected 
to any kind of order and diffuse randomly throughout the sample container with 
the molecular axis tumbling wildly (Figure 1. 4). 
 
 





In the simplest liquid crystal phase, one molecular axis tends to point along 
a preferred direction as the molecules undergo diffusion. Many liquid crystals 
consist of elongated molecules as can be seen in Figure 1. 5. 
 
 
Figure 1. 5 – Chemical structure a) of rod-shaped 4-Cyano-4'-pentylbiphenyl (5CB) 
molecule and b) bent-core (banana) shaped liquid crystal molecule (Hird 2005). 
 
The molecular structure has a strong influence on the phase structure of the 
liquid crystals, but similar phase structure may occur in compounds of very 
different shape (Demus 1994). Transitions involving these mesophases may be 
carried in two different ways; one by purely thermal processes and other by the 
influence of solvents. According to the thermodynamics the liquid crystals are 
classified as thermotropic and lyotropic. The thermotropic liquid crystals present 
a sequence of mesophases that appears as function of temperature for the same 
values of pressure and concentration. The formation of a lyotropic liquid crystal 
involves the dissolution of an amphiphilic mesogen in a suitable solvent, under 
appropriate conditions of concentration, temperature, and pressure. The 
materials that can form thermotropic as well as lyotropic mesophases are 
designated amphotropic (Singh et al. 2002). Thermotropic liquid crystals are of 
interest both for the standpoint of basic research and also for applications in 
electro-optic displays, temperature, and pressure sensors. Lyotropic liquid 
crystals, on the other hand, are of great interest biologically and appear to play 
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The main phase structures of liquid crystals are, as mentioned above: 
a) Nematic: presents a liquid-like structure in which, contrary to 
isotropic liquids, one or two molecular axes are oriented parallel to 
one another, resulting in an orientational long-range order. 
b) Smectic: presents layered structure with translational order in the 
direction perpendicular to the layers, the molecules can possess 
varying degree of translational and non-orientational orders to form 
a large number of smectic phases. 
c) Cubic: presents structures with micellar lattice units or complex 
interwoven networks. 
d) Columnar: presents structures with columns of molecules that form 
two-dimensional lattices. 
e) Cholesteric: is a special case of the nematic phase that occurs for 
chiral compounds and presents a helical structure.  
 
The structures formed by the thermotropic liquid crystalline phases are 
varied and their appearance depends on the type of organization, structure and 
mobility of the molecules that constitute them. In this work, only the following 
phases are described: the nematic, the smectic and the cholesteric. 
 
1.3.1. Nematic phase 
 
The word “nematic” comes from the Greek word for thread and refers to 
certain thread-like defects that are commonly observed in these liquid crystalline 
phases, when observed on a polarized light microscope (de Gennes et al. 1993). 
These defects in orientational order are called disclinations. In the nematic phase 
rod-like shaped molecules, also known as calamitic, are oriented with their long 
axis on average parallel to the director, represented by a unit vector, the director 
denoted as ?⃗? (Figure 1. 6). Disk-like shaped molecules can also form nematic 
phases. These molecules align spontaneously with the faces of the disks parallel 





Figure 1. 6 – Scheme of the structure of the nematic phase with rod-like molecules parallel to 
the director (?⃗⃗?) (adapted from (de Gennes et al. 1993)). 
 
Three classical examples of molecules that can form nematic phases are 
4-Cyano-4'-pentylbiphenyl (5CB), p-azoxynisole (PAA) and 
N-(p-methoxybenzylidene)-p-butylaniline (MBBA) and their chemical structure is 
presented in Figure 1. 7.  
 
 
Figure 1. 7 - Chemical structure of classical nematic molecules that can form nematic 
phases: a) 4-Cyano-4'-pentylbiphenyl (5CB), b) p-azoxynisole (PAA) and 
c) N-(p-methoxybenzylidene)-p-butylaniline (MBBA) molecule (de Gennes et al. 1993). 
 
The molecules can rotate about both their long axes and short axes, and in 
many compounds the molecules have several possibilities of intra molecular 
mobility, and especially conformational changes are allowed. Because of the high 
mobility, the nematic phases have low viscosities, very similar to those of isotropic 
liquids. Nematic liquid crystals are anisotropic with respect to the optical 
properties, i.e. present different values of viscosity, electrical, and magnetic 
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susceptibility, electrical and thermal conductivity depending on the direction that 
they are measured (Demus 1994).  
The preferred orientation of the molecules is not constant for the entire 
volume of a nematic liquid crystal. The nematic phase consists of different 
domains where, locally, there is a preferential direction along which the molecules 
are oriented. However, this direction is different from domain to domain. Inside of 
each domain, the orientation of the molecules is not perfect and is possible to 
quantify the degree of order using an order parameter. The order parameter, 𝑆, 






) < 3 𝑐𝑜𝑠2 𝜃 − 1 > 
Eq. 1. 1 
 
where 𝜃 is the angle between the long molecular axis and the director and < ⋯ > 
indicates the average over many molecules at the same time or average over 
time for the same molecule. If the molecules are oriented, as observed in a solid 
crystal, that is if 𝜃 = 0 for all molecules, the order parameter < 𝑆 > is equal to 
one. If there is no orientational order, and all the molecular axes point in different 
directions with equal probability the value of < 𝑐𝑜𝑠2 𝜃 >= 1 3⁄  and the value of 
< S > is zero, for an isotropic liquid.  
The value of the order parameter < S > can be evaluated, through 
measurements of macroscopic properties of the liquid crystal phase. The 
properties that are used to determine < 𝑆 > are optical birefringence, nuclear 
magnetic resonance, diamagnetism, and Raman scattering. The typical values 
for < 𝑆 > in nematic liquid crystals are between 0.3 and 0.8, which decrease as 
the temperature of the liquid crystal is increased (Collings et al. 1997). Optically, 
such phases are described as having two indexes of refraction, the ordinary and 
extraordinary refraction indexes, 𝑛𝑜 and 𝑛𝑒, respectively (Singh et al. 2016).  
In a nematic liquid crystal an elastic deformation results from a local 
reorientation 𝛿𝑛 of the director, leading to a director field distortion transmitted 
over a larger scale. Neglecting surface effects, any generic deformation of 𝒏(𝒓) 
can be described as linear combination of three elementary elastic deformations: 
splay, twist, and bend. In Figure 1. 8 the drawings illustrate how each 
deformation can be produced in practice by encapsulating a nematic liquid crystal 
between flat substrates, which are treated to ensure uniform planar or 
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Figure 1. 8 – Scheme of the graphical definitions of the three elementary director field 
deformations splay, twist, and bend and corresponding terms in the free energy and their 
respective elastic constants 𝑲𝟏, 𝑲𝟐 and 𝑲𝟑. The preferred director is indicated with a thick double-
headed arrow (Lagerwall et al. 2012).  
 
The sum of the three terms of the elementary director field deformations, 
splay, twist and bend, results in the definition of the total elastic free energy of a 












𝐾3(𝒏 × 𝛁 × 𝒏)
2 Eq. 1. 2 
 
Each deformation is described by the appropriate combination of the vector 
operators divergence (𝛁 ∙ 𝒏) and curl (𝛁 × 𝒏) squared and the energy cost for a 
certain deformation is proportional to the respective elastic constant, 𝐾1 for splay, 
𝐾2 for twist and 𝐾3 for bend (de Gennes 1974). 
 
1.3.2. Cholesteric phase 
 
The cholesteric is a nematic phase, that occurs for chiral compounds. The 
designation cholesteric is derived from the fact that this phase type was first 
observed in cholesterol derivatives (Demus 1994). The director, ?⃗?, rotates in an 
helicoidal manner around a perpendicular axis (optical axis) to the director, has 
shown in Figure 1. 9. 
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Figure 1. 9 – Schematic structure of a cholesteric phase. a) Arrangement of the molecules in 
the cholesteric mesophase. The   molecules are organized in a helical conformation and the 
distance in which the director ?⃗⃗? rotates 360⁰ is designated by pitch, 𝑷. b) The director is 
represented by ?⃗⃗? and ?⃗? the direction perpendicular to it. The schematic representation of the 
helical structure corresponds to half of the pitch (𝑷 𝟐⁄ ) of the helix and the successive imaginary 
planes have been drawn for convenience and do not translate any discontinuity in the 
arrangement of the molecules nor a layered structure.  
 
The average molecular orientation for ?⃗? in a coordinate system, with the 
cholesteric axis along the z-axis (Figure 1. 9), the director components are: 
 
 𝑛𝑥 = cos(𝑞𝑧)   
 𝑛𝑦 = sin(𝑞𝑧) Eq. 1. 3  
                                          𝑛𝑧 = 0   
 
with 𝑞 = 2𝜋 𝑃⁄ , where 𝑃 is the helix pitch. The pitch, is defined by the distance 
required for the director to complete a full turn (to rotate 360°), is a function of 
both the temperature and concentration (Singh et al. 2002, Oswald et al. 2005). 
A cholesteric structure along its helix axis has a strong optical activity. When 
white light illuminates the sample normal to the plane of the molecules, an abrupt 
variation in its optical activity of a specific wavelength (𝜆0) is observed. According 
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to the de Vries expression (Dumanli et al. 2014), the helicoidal pitch, 𝑃, the 
average refractive index of the mesophase, 𝑛, and 𝜆0 are related by  
 
 𝜆0 = 𝑛𝑃 Eq. 1. 4 
 
If 𝜃 is defined as the angle between the propagation of the incident light and the 
helix axis, Eq. 1. 4 can be approximated by the Bragg reflection given by the 
following 
 
 𝜆0 = 𝑛𝑃 sin 𝜃 Eq. 1. 5 
 
Therefore, at a normal angle of incidence (𝜃 = 0), the wavelength of the reflected 
light is directly proportional to the cholesteric helical pitch (Goodby 1998, Almeida 
et al. 2019b).  
For values of the pitch in the range of 0.4 −  0.8 𝜇𝑚, corresponding to the 
visible light range, the pitch can be measured by visible spectroscopy or by optical 
rotary dispersion (Borges et al. 2014). The values of the cholesteric pitch, 
determine the colour exhibited by the cholesteric phase. Moreover, for normal 
light incidence, circularly polarized light having the same handedness of the helix 
is completely reflected, whilst a circularly polarized light with opposite 
handedness is completely transmitted (Almeida et al. 2019b). This is designated 
as iridescence according to Eq. 1. 5 (Edgar et al. 2001, Borges et al. 2014). 
Chirality in liquid crystals has been widely studied over the years and is 
directly responsible for several of their important technological applications. The 
term chiral implies that a molecular structure is asymmetric and possesses 
handedness. A chiral object cannot be transformed into its mirror image by 
rotations or translations. The presence of chiral molecules in a liquid crystal can 
have various consequences. The chirality may cause an intrinsic helical structure 
of the director field. Instead of the uniform alignment of the director field occurring 
in the nematic phase, the respective chiral nematic phase exhibits a helical 
structure (Singh et al. 2002).  
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As mentioned above the first thermotropic liquid crystalline material 
discovered in 1988 by Reinitzer, was cholesteryl benzoate. This molecule can 
form chiral nematic phases and presents 8 chiral centres (Figure 1. 10) giving a 
total of 256 stereoisomers; however, only one occurs in nature (Collings et al. 
1997, Singh et al. 2002).  
 
 
Figure 1. 10 - Chemical structure of cholesteryl benzoate, the first thermotropic cholesterogen 
discovered by Reinitzer with 8 chiral centres marked with *, that can form liquid crystalline 
cholesteric phases (Collings et al. 1997).  
 
Chirality can be introduced into a liquid crystal system, for instance, by the 
addition of small amount of chiral dopant molecules, which may not be mesogenic 
materials, to a nematic liquid crystal (Collings et al. 1997, Singh et al. 2002). 
  
1.3.3. Smectic phase   
 
Friedel did not recognise the existence of more than one smectic phase but 
he noticed that it had a soap-like appearance (Friedel 1922) and hence was 
named because smectic is Greek for soap-like. Smectic phase presents a layered 
structure, with a well-defined interlayer spacing. The interlayer attractions are 
weak when compared to the lateral forces between the molecules and this allows 
the layers to slide over one another relatively easily. This behaviour explains the 
higher viscosity of the smectic phase when compared to the nematic phase 
(Singh et al. 2002). The smectic mesophase is more ordered than the nematic 
phase and there are many different types of smectic phases. The smectic 
textures, can be identified by optical polarizing microscopy (Collings et al. 1997). 
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The observed smectic phases differ from each other in layer formation and 
the existing order inside the layers. The constituent molecules of the smectic A 
(𝑆𝐴) phase are perpendicular to the plane of the layers and have no positional 
ordering within the layers. The layer thickness, determined from X-ray scattering 
data, is identical to the full molecular length (Priestley 1975). A schematic 
representation of a smectic A phase is shown in Figure 1. 11 a). Smectic C (𝑆𝑐) 
phases are closely related to 𝑆𝐴 phases. The main difference between the 
smectic C phase and a smectic A phase is the tilt of the molecules inside the 
layers. The direction of the average alignment of the molecules forms a non-zero 
angle with the normal to the smectic layers (𝜃) as denoted in Figure 1. 11 b).  
 
 
Figure 1. 11 – Schematic arrangement of molecules in smectic phases: a) smectic A (𝑺𝑨)  
and b) smectic C (𝑺𝑪). In the mesophase 𝑺𝑨, the molecules line up, on average, perpendicular to 
the smectic layers, in the 𝑺𝑪 mesophase the direction of the average alignment of the molecules 
forms a non-zero angle with the normal to the smectic layers (𝜽). 
 
The tilt angle is temperature dependent and decreases to zero at the phase 
transition to a smectic A phase when 𝑆𝐴 temperature is higher than 𝑆𝐶 
temperature, in liquid crystals which exhibit both these liquid crystalline phase 
(Figure 1. 12).  
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Figure 1. 12 – Typical illustration of different thermotropic calamitic liquid crystal phases 
observed on heating from the crystalline state. At first, positional ordering is partially 
maintained in the smectic phases C and A. On further heating, positional order is lost at the 
transition to the nematic phase, which only exhibits orientational order. When all the liquid 
crystalline order is lost the isotropic liquid is reached (adapted from (Dierking et al. 2017)). 
 
When the smectic phase is heated, either out-of-plane translational ordering 
is lost, which produces the nematic phase, or additionally orientational ordering 
is lost resulting in an isotropic liquid (Demus 1994, Woltman et al. 2007, Dierking 
et al. 2017). 
 
1.3.4. Lyotropic liquid crystals 
 
The most commonly abundant liquid crystals in nature are lyotropic liquid 
crystals. The occurrence of lyotropic mesophases in several materials in living 
organisms include many organelles of cells, such as membrane, myelin and 
mitochondria (Singh et al. 2002). One variety of molecules that exhibit lyotropic 
liquid crystalline phases are the amphiphiles. Amphiphilic molecules possess two 
distinct parts, a polar and a non-polar part, with different properties. The 
hydrophilic head, polar, attracts water, while the lipophilic tail, non-polar, avoids 
water. Amphiphilic molecules are usually graphically depicted as circles to 
represent the polar head group and zig-zag lines to represent the aliphatic chains 





Figure 1. 13 – Schematic illustration of a lyotropic liquid crystal: a) chemical structure of an 
amphiphile molecule, sodium laurate and a pictogram for an amphiphile molecule which 
possesses a polar head group and a non-polar tail; b) micelle where the non-polar tails are 
surrounded by the polar heads and c) inverted micelle where the polar head groups point away 
from the non-polar chains. 
 
Micelles are formed when the non-polar aliphatic chains of a lyotropic liquid 
crystal assemble to shield themselves from the water. The polar head groups 
protect the non-polar chains from water as illustrated in Figure 1. 13 b). Reverse 
micelles can also form, where the non-polar chains point outward from the polar 
head groups (Figure 1. 13 c)). Reverse micelles usually occur in water-oil 
mixtures, where the water content is small and fills in the void surrounded by the 
polar head groups (Collings et al. 1997, Woltman et al. 2007), confining the water 
inside. 
Amphiphiles that remain almost insoluble in water are non-polar and semi-
polar lipids, and polar surfactants at temperatures below the Krafft point. The 
Krafft point is defined as the temperature below which the micelles are insoluble. 
Above the Krafft point lyotropic mesophases are generated. The lyotropic liquid 
crystal exists mostly within the temperature range between the Krafft point and 
the surfactant melting point (Singh et al. 2002).  
 
1.3.5. Polymeric liquid crystals 
 
Polymers are large molecules or macromolecules having a repeating unit in 
their structures. Polymers present a modular structure since they are constituted 
of one or more continually repeating structural monomer units. The distribution of 
the chain sizes is referred to as the polydispersity. If the polydispersity equals 
one, all the polymer chains are identical in size and the polymer is designated 
monodispersed. The molecular weight of polymers varies from around one 
thousand to up to tens of thousands. Polymer molecular weight determines 
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several physical properties such as melt viscosity, tensile strength, toughness, 
thermal behaviour, and chemical resistance (Shrivastava 2018). The total 
number of molecules in a unit mass of polymer irrespective to their shape or size 





 Eq. 1. 6 
 
where 𝑀𝑖 is the molecular weight of a chain, 𝑁𝑖 is the number of chains of that 
molecular weight, and 𝑖 is the number of polymer molecules (Chanda 2017). 
Weight average molecular weight (𝑀𝑤) measuring system includes the mass of 
individual chains, which contributes to the overall molecular weight of the 
polymer. Unlike 𝑀𝑛, 𝑀𝑤 accounts for the molecular size instead of just the 







 Eq. 1. 7 
 
where 𝑀𝑖 is the molecular weight of a chain, 𝑁𝑖 is the number of chains of that 
molecular weight, and 𝑖 is the number of polymer molecules (Shrivastava 2018). 
Polymers are very common materials, and many of them exist in nature, such as 
proteins (silk and wool), cellulose (cotton and wood), and natural rubber (Collings 
et al. 1997).The properties of all polymers are different and highly dependent 
upon the origin and synthesis process; some are soft and ductile whereas others 
are very hard and rigid. 
Rigid polymers in suitable solvents can give rise to mesophases because 
they behave as rigid rods. Liquid crystal polymers exhibit the same liquid 
crystalline phases presented by low molecular mass mesogens. There are three 
main classes of polymeric structures that can be at the origin of liquid crystalline 
phases: main-chain liquid crystal polymer, side-chain liquid crystal polymer, and 
combined liquid crystal polymers.  
A main-chain liquid crystal polymer has rigid cores (mesogenic units) 
connected by flexible segments (linking unit). The rigid cores must be anisotropic 
and bifunctional to enable polymerization and generation of mesophases. For 
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example, if one end of the unit is a carboxylic acid and the other an amine, 
condensation would sequentially link the mesogenic units together to give a liquid 
crystal poly(amine). The rigid segments (mesogenic units) tend to align 
themselves as shown in Figure 1. 14 a). 
 
 
Figure 1. 14 – General templates for liquid crystal polymers. a) main chain template of a liquid 
crystal polymer that consist of repeating mesogenic units linked by a flexible linking unit, b) side 
chain template for side chain liquid crystal polymer with mesogenic units appended from the 
polymer backbone. The mesogenic units are separated from the polymer backbone by long 
spacer units and c) combined liquid crystal polymers templates. Side chain mesogenic units can 
be attached, via a spacer unit (left) or at mesogenic unit (right) (adapted from (Collings et al. 
1997)).  
 
A side-chain liquid crystal polymer has its mesogenic units separated from 
the polymer backbone by fairly long spacer units, which are usually several 
methylene units (−𝐶𝐻2 −), often with ester (−𝐶𝑂2 −) or ether (−𝑂 −) units as 
shown in Figure 1. 14 b). In this case, the side chain can be randomly distributed 
through the material without any orientational or positional order; however, the 
mesogenic units will exhibit a certain degree of order. The third class of liquid 
crystal polymers called combined liquid crystal polymer presents a combination 
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of the features of a side-chain liquid crystal polymer and a main-chain liquid 
crystal polymer. Side chain mesogenic units are attached, through a spacer unit, 
to a mesogenic main chain at the linking unit or at the mesogenic unit, as shown 
in Figure 1. 14 c) (de Gennes et al. 1993, Collings et al. 1997).  
A great variety of systems can be synthetized: one can change the main 
chain, the spacers, the mesogenic unit, the degree of polymerization, or the use 
of several mesogenic units (regularly spaced or not). These systems are very 
stable, and easily give rise to glassy states.  
In 1956, Flory (Flory et al. 1956) proposed a theoretical model to determine 
the value of the lowest concentration of polymer above which the formation of the 
liquid crystalline phase occurs, normally referred to as the critical concentration 
(𝐶∗). This model has in consideration the persistence length (𝑞) of the polymeric 
chains and the value of the Kuhn segment (Kuhn 1936). Considering Flory’s 
theoretical model, the 𝐶∗ in volume fraction for mesophase appearance is 
expressed as a function of the polymer chain persistence length (𝑞), which is 
related to the stiffness of the polymer chains. The critical concentration 𝐶∗ can be 
described according to the following equation,  
 











 Eq. 1. 9 
 
where 𝑙𝑘 = 2𝑞 is the Kuhn segment length and 𝑑 is the hydrodynamic diameter 
of the chain (Flory et al. 1956, Gray 1985, Gray 1994). Values of 𝑞 between 6 
and 12 𝑛𝑚 have been estimated for cellulose derivatives, which are considered 
semiflexible polymers. Other liquid crystal polymers are more rigid, presenting 
higher persistence-length values (e.g., 37 𝑛𝑚 for poly(𝑛-hexyl isocyanate) at 
25 ⁰𝐶) (Gray 1985, Nishio et al. 2016). Using Eq. 1. 8, and considering 𝑙𝑘 = 20 𝑛𝑚 
and 𝑑 ≈ 1.1 𝑛𝑚 for hydroxypropylcellulose/water system, one can 
semi-quantitatively predict a critical concentration for Hydroxypropylcellulose of 
approximately 0.39 (𝑣 𝑣⁄ ) (Werbowyj et al. 1984, Godinho et al. 2016).   
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1.3.6. Liquid crystals defects and textures 
 
Liquid crystalline phases can be identified by their birefringent textures 
when viewed under the optical polarized microscopy (POM). Optical polarizing 
microscopy enables the identification of the type of liquid crystal and other 
mesophases from the optical texture that is generated (de Gennes et al. 1993). 
The texture of a liquid crystal phase is formed on cooling from the isotropic liquid 
into the mesomorphic state. Subsequent cooling may produce transitions to other 
phases, which generally will exhibit paramorphotic textures based on the defects 
of the preceding natural texture (Gray et al. 1984). 
The identification of liquid crystalline phases through optical polarizing 
microscopy usually involves the magnified view of a thin sample of a mesogenic 
material sandwiched between a glass microscope slide and a glass coverslip. 
The sample is usually placed in an accurate temperature-controlled stage 
(usually between ~20 ℃ and 300 ℃), between polarizers which are crossed at 
90 ° with respect to each other. The molecular arrangement within the phase can 
be detected by carefully analysing the “defect texture” of the liquid crystal.  
If the polarizers in the microscope are crossed at 90° with respect to each 
other, having no sample in between, a black field is observed. If an isotropic liquid 
is analysed, the polarized light remains unaffected by the sample and hence no 
light passes through the analyser. However, when an anisotropic, birefringent 
sample is observed, light is not extinguished and birefringent texture can be seen 
(Collings et al. 1997).  
Liquid crystals are influenced by the interfaces that limit and confine them 
by imposing restrictions molecules orientation. The director orientation has to 
simultaneously satisfy the equilibrium conditions inside the liquid crystal and the 
conditions that are imposed by the interfaces. This commitment leads to the 
appearance of defects (Singh et al. 2002). These defects can exist as either 
localized faults and minor misorientations in the structure, or in some cases 
extensive structural discontinuities. Commonly, defects are divided in two 
categories: those that are in thermal equilibrium with the system, always present, 
and those that arise kinetically; their existence is dependent on the nucleation 
processes from which the medium was formed. The existence of defects that 
arise kinetically, are not necessarily endemic in a system, may depend on 
external effects such as boundary, surface, and field effects (Goodby 2012).  
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Defects can be characterized through the anchoring conditions that can be 
planar, and homeotropic, degenerated as exemplified in Figure 1. 15. For rod-like 
liquid crystals, a homeotropic sample preparation is obtained when the long axes 
of the molecules are imposed to be on average perpendicular to the surface of 
the container (Figure 1. 15 a)), whereas homogeneous alignment is obtained 
when the molecules have their long axes parallel or at an angle to the surface of 
the container (Figure 1. 15 b)).  
 
 
Figure 1. 15 – Molecular alignment: a) homeotropic and b) planar sample preparations for a 
nematic phase.  
 
 As discussed earlier, liquid crystals typically possess a symmetry which is 
intermediate between that of a crystal and an isotropic liquid. Like solids, they are 
also known to possess a vast variety of defects and discontinuities, in their 
macroscopic structure. Additionally, due to their fluid like characteristics, they can 
also show strong changes in the orientational order, which results in the formation 
of disclinations (Singh 2002). The word disclination was suggested by F. C. Frank 
(Frank 1958) and comes from the Greek kline = slope. A disclination is a 
discontinuity in orientation, i.e., discontinuity on the director field. The 
discontinuity may be located at a point, a line, or on a surface and is referred to 
as a point, line, or sheet disclination (de Gennes et al. 1993). Point defects tend 
to occur in restricted geometries and at surfaces. Line defects are observed in 
nematic liquid crystals. A sheet discontinuity always tends to smear out into a 
continuously distorted region of finite thickness, which is designated as wall. 
The strength 𝑘 of a disclination line is the ratio 𝑘 = 𝛼 2𝜋⁄ , where 𝛼 is the 
angle which the director rotates. Examples of director configuration for wedge 




Figure 1. 16 – Director configurations for wedge disclinations of different strength 𝒌 (adapted 
from (Kleman et al. 2003)).  
  
The defect configurations in the previous figure are 2D (?⃗? is confined to 
planes perpendicular to the disclination) and twistless. This planar model has 
been proposed by Frank (Frank 1958) to calculate the elastic energies of 
disclinations, under the assumption 𝐾1 = 𝐾3 = 𝐾. The components of the director 
are described as 
 
 𝑛𝑥 = cos𝜑, 𝑛𝑦 = sin 𝜑, 𝑛𝑧 = 0 Eq. 1. 10 
 
where 𝜑 is a function of the Cartesian coordinates 𝑥, 𝑦, or the polar coordinates 
𝑟, 𝜃. The Euler-Lagrange equation coincides with the 2D Laplace’s equation of 
electrostatics: 
 








= 0 Eq. 1. 11 
 















= 0 Eq. 1. 12 
 
 Its solutions are of two types: 
 
 𝜑 = 𝐴𝜃 + 𝐵(𝑟, 𝜃) Eq. 1. 13 
 𝜑 = 𝐶 ln 𝑟 + 𝐷(𝑟, 𝜃) Eq. 1. 14 
 
where 𝐵 and 𝐷 are harmonic functions; 𝐴 and 𝐶 are constants. We will focus in 
the first type of solution, which yields dislocations of rotation. The second one 
describes a rotation of the director infinitely repeated when traversing a direction 
𝜃 = 𝑐𝑜𝑛𝑠𝑡. Due to the hodograph rule, we must have  
 
 ∮𝑑𝜑 =2𝜋𝑘 Eq. 1. 15 
 
where the integral is taken along any circuit surrounding the origin. Hence, 𝐴 ≡ 𝑘 
where 𝑘 is an odd or even multiple of ±1 2⁄ . The solution  
 
 𝜑 = 𝑘𝜃 + 𝐵(𝜃, 𝑟) Eq. 1. 16 
 
fulfils all of the topological requirements for a disclination at the origin; it is also 
required that 𝐵(𝜃, 𝑟) is a harmonic regular function at the origin. The energy per 
unit length of line 
1
2




 𝑊 = 𝜋𝐾𝑘2 ln
𝑅
𝑟𝑐
+𝑊𝑐  Eq. 1. 17 
 
Where 𝑟𝑐 and 𝑊𝑐  are the radius and the energy of the disclination “core”, 
respectively (Kleman et al. 2003). 
The schlieren texture observed through polarizing microscopy in a nematic 
phase is produced either by a continuous, but sharp change of molecular 
orientations within the sample, or by a change in molecular orientation about a 
point line singularity (Nehring et al. 1972). Characteristic dark brushes (lines of 
extinction) appear, if the sample is observed between crossed polars, when the 
molecules are aligned with one or other of the two polarizers of the microscope. 
Upon the simultaneous rotation of the polarizer and the analyser of the 
microscope black brushes are observed rotating, while the origin point source of 
the brushes remains in a fixed position. At the centre of the schlieren texture, a 
point or a line singularity is found; in the case of the line singularity, it runs 
perpendicular to the viewing direction. 
 
 
Figure 1. 17 – Singularities in a nematic phase. Schematic orientation of the molecules around: 
a) 4-Brush singularity and a b) 2-Brush singularity in the nematic phase. c) Topologies of the 
defects found in the schlieren texture of the nematic phase. Both 𝒌 = 𝟏 𝟐⁄  and 𝒌 = 𝟏 defects are 
shown in the photomicrograph, adapted from (Goodby 2012).  
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Different point singularities are known to occur, some present four brushes 
(Figure 1. 17 a)) whereas others have only two (Figure 1. 17 b)). The brushes 
associated with some singularities rotate in the same direction as that of the 
polarizer and analyser, whereas others found to rotate in the opposite direction 
of the polarizers. The defect is also characterized by a 𝑘 number, that refers to 
the number of brushes observed divided by four. Singularities with values of 
+1 2⁄ , −1 2⁄ , +1, and −1 are observed for the nematic phase, while the schlieren 
texture of the smectic C phase only presents singularities of the +1 or −1 type, 
that is, four-brushed singularities. Figure 1. 17 c) shows a photomicrograph of 
the schlieren texture, where two defects are joined by a defect wall, of the nematic 
phase (Singh 2002, Goodby 2012).  
Considering the possibility to use liquid crystals for device development, in 
some cases there is a need to eradicate defects and in other cases the 
introduction of defects. Therefore, the study of defects in liquid crystals is 
important to understand how they might form and to give insights into how they 
may be prevented or not.  
 
1.3.7. Colloidal liquid crystals 
 
Colloidal liquid crystals are an evolving class of soft materials that combine 
the unique properties of liquid crystal molecules and colloidal particles (Yang et 
al. 2021). A colloidal particle is a particle with dimensions ranging from the 
nanometres to micrometres. According to Pieranski (Pieranski 1983) the colloidal 
particle should be small enough to be subjected to vigorous Brownian motion, 
which prevents the particles to agglomerate. Monodispersed colloidal particles 
with capability to form long-range ordered crystals have attracted the attention of 
several researchers. An excellent example of monodispersed colloidal particles 
existing in nature, discovered by Stanley in 1935, are tobacco and tomato viruses 
(Stanley et al. 1936, Pieranski 1983). In recent years, it has become increasingly 
popular to add colloidal particles to liquid crystalline materials (Lagerwall et al. 
2016, Muševič 2017, Dierking 2019). The main motivations to disperse particles 
in liquid crystals are: 
a) to tune the liquid crystal properties, such as the phase behaviour, the 
threshold voltage, dielectric anisotropy, birefringence, viscosity and 
therefore their response times. 
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b) to add functionality, for example, by the addition of ferroelectric 
particles (Mertelj et al. 2013). 
c) to direct dispersed shape-anisotropic nanoparticles through the 
ordering of liquid crystal. By subjecting the liquid crystal and the 
particles to different anchoring conditions at the boundaries, a certain 
desired alignment can be imposed (Lynch et al. 2002, Dierking et al. 
2005).   
If a liquid crystal is used as a host liquid in a colloidal suspension, its 
ordering gives rise to additional long-range interactions between the colloidal 
particles. The type of interaction is controlled by the presence and symmetry of 
topological defects of the director field (Tasinkevych et al. 2010). The dispersed 
colloidal particles can still move upon Brownian motion, but the host liquid crystal 
induces long- and short-range forces that affect the separation and the structures 
formed at long times (Loudet et al. 2000, Loudet 2005). Because of their unique 
dimensions, colloidal particles are ideal model systems for studying liquid 
crystalline phase behaviour of their molecular counterparts which are difficult to 
be directly observed and quantitatively studied (Li et al. 2011, Manoharan 2015, 
Yang et al. 2021). Their ability to spontaneously form phases that are ordered on 
the scale of visible wavelength makes colloids useful building blocks for optical 
materials such as photonic crystals. Due to the possibility to alter the interactions 
between particles the effects on structure can be directly observed, experiments 
on colloids offer a controlled approach to understand and exploit self-assembly, 
a fundamental topic in materials science, condensed matter physics, and 
biophysics (Manoharan 2015). 
The size of colloidal particles can range from 10 Å, for example in the case 
of fullerenes, to several micrometres, as for particles obtained from glass or 
polymers. Colloidal particles can be monodisperse or polydisperse, and the 
shape can be varied, from spherical to plate-like, elongated, pyramidal or even 
with fractal geometries (Dierking 2019). 
Compared with liquid crystals, colloidal liquid crystals are thermally stable, 
less expensive, and may present enhanced susceptibility to external fields, such 
as shear (Alizadehgiashi et al. 2018, Jiang et al. 2019), electric (Hsu et al. 2017), 
and magnetic fields (van der Kooij et al. 2000, Yang et al. 2018). The wide range 
of self-assembled structures observed in colloid matter can be understood in 
terms of the relationship between packing constrains, interactions, and the 
freedom of the particles to move (Manoharan 2015). Their behaviour is affected 
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by geometrical or topological constrains, such as curved surfaces or shapes of 
the colloid particles. Since the interactions between particles are frequently short-
handed, we can understand the effects on these constrains using geometrical 




1.4. Cellulosic liquid crystalline phases 
 
The first observation of a cellulosic liquid crystalline phase was published 
by Gray et al. in 1976 (Werbowyj et al. 1976). The authors observed a drop of a 
solution of hydroxypropylcellulose (HPC) in water, placed between two glass 
plates. After water evaporation, from the edges to the centre, a bright colour that 
changed with the viewing angle and temperature was observed. Polarized Optical 
Microscopy (POM) observations revealed that HPC solutions with concentrations 
of water in range of 20 –  50 wt % were birefringent and showed optical rotation 
properties. This behaviour was attributed, by the authors, to the formation of a 
lyotropic mesophase for a concentration of approximately 40 𝑤𝑡 %, where the 
water molecules occupy positions between the polymeric chains to align 
spontaneously parallel to each other. When the polymer concentration is 
approximately 60 wt %, iridescent colours are observed suggesting that the 
mesophase has helicoidal structure, resembling that of cholesteric liquid crystals 
(Werbowyj et al. 1976).The first identified cellulosic liquid crystalline phase was 
obtained in a cellulose derivative and not in cellulose itself, probably due to the 
fact that with cellulose is more difficult to obtain a solution with a concentration 
high enough for the mesophase formation (Chanzy et al. 1980).  
Liquid crystalline phases obtained from cellulose were reported by Chanzy 
et al. in 1980 (Chanzy et al. 1980). The production of films and fibres from a 
solution of cellulose in several organic solvents of the cyclic amine family, was 
reported. The cellulose concentration, depending on the source and the average 
degree of polymerization, was in the range of 20 –  25 wt %. X-ray diffraction of 
fibres obtained from liquid crystal solutions heated to 110 ⁰𝐶 and subsequently 
regenerated in methanol or water, showed a high degree of orientation of 
cellulose II that was not present in fibres obtained from the isotropic solution. The 
similarity of the orientation of the cellulose fibres produced from the mesophase 
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with high-strength polymers such as Rayon and Fortisan directed the authors to 
the possibility to produce cellulosic fibres with enhanced mechanical properties 
that could compete to other non-cellulosic polymers such as Kevlar (Chanzy et 
al. 1980). Besides being able to form mesophases in solution, above the critical 
concentration, cellulosic derivatives also form thermotropic phases.  
In 1981, Tseng et al. (Tseng et al. 1981) reported that 
(acetoxypropyl)cellulose (APC) could also form lyotropic phases, and that the 
APC films exhibit colours when heated. Shimamura et al. (Shimamura et al. 1981) 
reported that low molecular mass HPC increases the level of birefringence after 
heated to 210℃ for 10 𝑚𝑖𝑛 and then cooled back to 180℃ prior to extrusion. In 
1983, Gray (Gray 1983) stated the existence of the same effect for the 
trifluoroacetate ester of HPC. This ability of the cellulosic derivatives to form 
thermotropic phases is an indication that the side chains act as a solvent (or 
plasticizer) increasing the mobility of the main chains (Gray 1983). In 1983, 
McCormik and Callais (McCormick et al. 1983),  reported a nematic phase in a 
solution of cellulose, with a concentration of 14 𝑤𝑡 %, in 
dimethyl-acetamide/lithium chloride. Bheda et al. (Bheda et al. 1980) reported, in 
1980, cholesteric phases in solutions of ethylcellulose in acetic acid for polymer 
concentrations of almost 50 𝑤𝑡 %. The critical concentration for the formation of 
the lyotropic phase depends on the interaction between the side chains of the 
cellulosic derivative, the solvent used and the rigidity of the cellulose chain. In 
1989, Navard (Navard et al. 1980) and Patel (Patel et al. 1981) reported the 
observation of cellulose-based liquid crystalline phases.  
Sugiyama et al. observed, in 1990, the formation of colloidal chiral nematic 
phases in suspensions of cellulose microfibrils that could have their origin in the 
way how the packing of cellulose microfibrils takes place (Sugiyama et al. 1990). 
In 2001, Fleming et al. demonstrated that the formation of a cholesteric phase 
from a suspension of crystallites obtained by acid hydrolysis of natural fibres of 
cellulose is strongly dependent on the mineral acid that was used, as described 
former. They showed that the use of sulphuric or phosphoric acid allows the 
formation of a cholesteric phase, and no formation was observed when 
hydrochloric acid was used. The authors attributed this behaviour to anionic 
stabilization due to asymmetric deposition of sulphur around the surface of the 
cellulose crystallites (Fleming et al. 2001).  
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Other reports of different cellulose derivatives that form cholesteric phases 
can be found in the literature, and in the next topic, chiral nematic cellulose liquid 
crystalline phases will be discussed. 
 
1.4.1. Chiral nematic cellulosic liquid-crystalline phases 
 
Most cellulosic polymers form chiral nematic liquid crystalline phases, in 
which the polymer is oriented in helicoidal structures. If the pitch of these 
helicoidal structures is of the same magnitude as the wavelength of visible light, 
the polymer samples present striking optical properties, namely the reflection of 
circularly polarized light with a wavelength related to the pitch. The wavelength 
of the reflected light depends on several factors such as the nature of the side 
groups, the degree of substitution, the molecular weight of the polymer, 
temperature, the nature of the solvent, and the polymer concentration (French et 
al. 2018).  
Besides being able to form lyotropic phases in solution, above a critical 
concentration, cellulose derivatives can also originate thermotropic liquid 
crystalline phases (Almeida et al. 2019b). This behaviour is an indication that the 
lateral chains act as solvent, or plasticizer, increasing the mobility of the polymer 
backbone (Borges et al. 2014). In their work, Werbowyj and Gray (Werbowyj et 
al. 1980, Werbowyj et al. 1984) obtained a viscous isotropic aqueous solution 
with a concentration of hydroxypropylcellulose (Figure 1. 18 a)) (𝐶𝐻𝑃𝐶) of 
21 𝑤𝑡 %, and a turbid and iridescent greenish anisotropic solution with a 𝐶𝐻𝑃𝐶  of 
63 𝑤𝑡 %, as shown in Figure 1. 18 b). When observed with a polarized 
microscope, between crossed polarizers, the latter solution exhibits a strong 






Figure 1. 18– Liquid crystalline-based Hydroxypropylcellulose/water system (HPC/H2O). 
a) HPC structure where the degree of substitution (𝑫𝑺) is the number of 𝐑 = (𝑪𝑯𝟐𝑪𝑯(𝑶𝑯)𝑪𝑯𝟑)𝒏 
groups per monomer and the moles of substitution (𝑴𝑺) is the number of 𝑪𝑯𝟐𝑪𝑯(𝑶𝑯)𝑪𝑯𝟑 groups 
per monomer (adapted from (Lopez et al. 2020)). b) Photographs of two samples of HPC/H2O 
mixtures with 𝑪𝑯𝑷𝑪 of 𝟐𝟏 𝒘𝒕 % (left) and 𝟔𝟑 𝒘𝒕 % (right) (Godinho et al. 2017); c) Polarized 
transmission of light of HPC/H2O, photo taken using a microscope between crossed polarizers, 
oily streaky texture, 𝟓𝟓 𝒘𝒕 % HPC in water (Gray et al. 2015); d) Phase diagram of the HPC/H2O 
binary system (Godinho et al. 2017). 
 
The isotropic to anisotropic phase transition observed in the HPC/H2O 
system can be attributed to the relatively moderate stiffness of the HPC 
backbone. Additionally, locally, the parallel orientation is twisted due to the 
chirality of the cellulosic chain, which allows the polymer molecules to develop 
an equilibrium helical twisted configuration, causing the Bragg reflection of light. 
If a solution with 𝐶𝐻𝑃𝐶  55 𝑤𝑡 % is placed between crossed polarizers, in time, the 
oily streaky texture that is characteristic to low-molar-mass cholesteric liquid 
crystals develops and a green colour resulting from the planar chiral nematic 
configuration is observed (Figure 1. 18 c)) (Gray et al. 2015, Godinho et al. 
2017). Experiments have shown that the pitch value of the HPC/H2O lyotropic 
system can be small enough to show iridescent colours and, as the concentration 
of HPC increases, the colour varies from red to blue (within the visible light 
range). As seen in the HPC/water phase diagram (Figure 1. 18 d)), temperature 
can also affect the pitch of the chiral nematic phase (Godinho et al. 2017). In this 
system, the pitch values increase as the temperature rises, which is in contrast 
with what observed for the majority of low-molar-mass liquid crystals. Similar 
behaviour is observed for 2-ethoxy-propylcellulose. Other cellulose derivatives, 
for example, for the acetyl-ethylcellulose the influence of temperature on the pitch 
also dependents on the degree of substitution of the polymer. In this case, for low 
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degrees of acetylation, the pitch decreases as the temperature increases. As 
shown by these three derivatives, the change in pitch based on temperature 
changes strongly depends on the type of substituents on the cellulose derivative 
(Almeida et al. 2018). 
In 1992, Revol et al. (Revol et al. 1992) reported the formation of a stable 
chiral nematic liquid crystalline phase above a critical concentration of a colloidal 
dispersion of  cellulose nanocrystals (CNCs). Since then, significant attention has 
been paid to CNC/water systems by the scientific community due to the 
interesting properties exhibited, such as biocompatibility, anisotropy, high 
Young’s modulus, optical transparency, photonic properties, and rich surface 
chemistry, which can impart new properties. Phase separation is observed in 
aqueous suspensions of cellulose nanocrystals as the concentration increases. 
However, for this liquid crystalline system, a much lower critical concentration, 
compared with cellulose molecular lyotropics, for example, HPC in water, has 
been reported (≈ 1 –  10 𝑤𝑡 %). The liquid crystalline phase typically displays a 
pitch between 5 and 80 µ𝑚 which decreases with CNC content (Habibi et al. 
2010).  
The addition of an electrolyte, such as sodium chloride (𝑁𝑎𝐶𝑙), also alters 
the liquid crystal phase behaviour of CNC liquid crystal suspensions, as 
described by Dong el al. (Dong et al. 1996) for CNCs prepared from cotton linters. 
A reduction of the chiral nematic pitch is observed, in this system, due to a 
decrease in the thickness of the electric double layer, which results in increasing 
interactions between each CNC particle (Habibi et al. 2010). The Van der Walls 
radii, hydrophobic attractions, and steric repulsions of the molecules have strong 
effects on the phase separation in the liquid crystal CNC/water suspensions even 
when other types of molecules, organic and/or inorganic are added to the 
suspension. Hirai et al. (Hirai et al. 2009) while examining the isotropic-
anisotropic phase separation, observed a critical concentration of the anisotropic 
phase formation of 0.42 𝑤𝑡% aqueous suspensions of sulfuric-acid-hydrolyzed  
bacteria-derived cellulose CNC. This value is one order of magnitude lower than 
what is observed for cotton- or wood-derived CNCs. This property is the result of 
the higher aspect ratio of the bacterial nanocelluloses, four times higher than 
CNCs, and the lower surface charge densities of the bacterial nanocelluloses 
compared with those of CNCs. This isotropic-anisotropic separation is dependent 
on a large number of parameters, including cellulose source, CNC aspect ratio, 




Figure 1. 19 – Effect of added sodium chloride (𝑵𝒂𝑪𝒍) on the phase separation behaviour 
of the bacterial cellulose nanocrystals suspensions obtained by sulfuric acid hydrolysis, for 
a fixed cellulose concentration of 𝟑 𝒘𝒕 % after 25 days of standing. a) 0, b) 𝟎. 𝟐𝟓 × 𝟏𝟎−𝟑𝑴, c) 
𝟎. 𝟕𝟓 × 𝟏𝟎−𝟑𝑴, d) 𝟏. 𝟑 × 𝟏𝟎−𝟑𝑴, e)𝟐. 𝟎 × 𝟏𝟎−𝟑𝑴, f) 𝟐. 𝟕𝟓 × 𝟏𝟎−𝟑𝑴 and g) 𝟓. 𝟎 × 𝟏𝟎−𝟑𝑴  of 𝑵𝒂𝑪𝒍 
(Hirai et al. 2009). 
 
When salt was added to bacterial cellulose suspensions, the authors 
observed a reduction in the anisotropic phase see (Figure 1. 19. a) to d)) for salt 
concentrations up to 1.0 × 10−3𝑀, which is similar to that which has been 
described for the CNCs. However, the opposite effect was observed for NaCl 
concentrations ranging from 2 × 10−3𝑀 to 5 × 10−3𝑀 and for these values, no 
phase separation was observed (Figure 1. 19 e) to g)) (Hirai et al. 2009).  
Derek Gray and Xiaoyue Mu reported (Gray et al. 2016) an unusual 
behaviour for a fully anisotropic CNCs aqueous suspension that was sealed 
between a microscope slide and a cover glass immediately after its preparation. 
They observed, by POM, a complex coloured pattern between crossed 
polarizers, as presented in Figure 1. 20. 
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Figure 1. 20 – Overview of texture change over time for a 𝟗. 𝟔 𝒘𝒕 % suspension of cellulose 
nanocrystals (CNC) between a microscope slide and cover glass, viewed between crossed 
polarizers: 𝟓 𝒎𝒊𝒏, 𝟑𝟎 𝒎𝒊𝒏, 𝟔𝟎 𝒎𝒊𝒏, 𝟏𝟏𝟎𝒎𝒊𝒏, 𝟏𝟕𝟎 𝒎𝒊𝒏, 𝟑𝟑𝟎 𝒎𝒊𝒏, and 𝟏𝟖 𝒉. The spacer 
thickness is 𝟏𝟖𝟓 𝝁𝒎. The same area of the sample is shown in each segment (Gray et al. 2016). 
 
The microscopy observation was made immediately after the sample was 
prepared and the authors attributed this unusual behaviour to the application of 
a low and transient shear during preparation; the helical equilibrium configuration 
of the chiral nematic phase of CNC is known to unwind due to shear. After 5 
minutes of relaxation, a complex pattern could be observed (Figure 1. 20), and 
the texture is characteristic of a randomly oriented nematic phase. If the sample 
is undisturbed for a long time (18 ℎ), the helix reforms, and a planar texture with 
oily streaks and long-pitch chiral nematic phase, in this case ≈ 70 𝜇𝑚, develops 
(Figure 1. 20). In general, the untwisting of the helix of a low-molar-mass chiral 
nematic is achieved when shear (Echeverria et al. 2017) or other fields are 
applied (e.g., magnetic field). For CNC suspensions, higher shear rates seem to 
be required to untwist the helix and to align the director along the shear direction. 
According to these authors, in order to untwist the director, an elastic distortion 
along a length scale comparable to the pitch is required, which will lead to 
singularities at each half pitch in which the CNCs will be perpendicular to the 
surfaces of the samples. In this new model, the authors, propose that the 
observed texture is a result of the twist-bend type of CNC orientation that exists 
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in the intermediate state, until the equilibrium is reached, and the chiral nematic 
phase is restored. These interesting results also show that a completely uniform 
planar texture is required to produced iridescent films with a narrower reflection 
bands, and such textures will take an even longer time to develop than that which 
was observed in this exposed transition (Gray et al. 2016).  
Pan et al. (Pan et al. 2010), while preparing CNCs films using different 
solvent-evaporation rates, (different environments and temperatures), observed 
that the pitch values of the solid films decrease as the temperature rises when 
starting from the same suspension in the biphase (i.e., coexistence of isotropic 
and anisotropic phase) (Pan et al. 2010). This phenomenon was unexpected, and 
the authors proposed that, as the temperature rises, the interactions between 
crystallites weakens, and, therefore, a higher critical concentration for 
mesophase formation is required (Pan et al. 2010). This effect was later 
confirmed by Ureña-Benavides et al. (Ureña-Benavides et al. 2011), who found 
that for a fixed concentration of CNCs within the biphase region, the anisotropic 
volume fraction decreases as temperature increases (Dong et al. 1996). 
Many studies and excellent detailed reviews have been dedicated to phase 
diagrams and to the rheology and the optical behaviour of lyotropic and 
thermotropic cellulose-based systems (Gray 1985, Gilbert 1990, Gray 1994, 
Zugenmaier 1998, Nishio et al. 2016).   
 
 
1.5. Chiral Nematic structures in Plants 
 
Plants contain, at different scales, anisotropic cellulose structures that are 
responsible, for example, for colour and/or movement. Most of the colours 
exhibited by plants are due to pigments and dyes molecules such as 
chlorophyll a. These pigments are ephemeral and fade with time. Dyes extracted 
from plants, such as saffron or indigo, are damaged by light (Ball 2007, Lee 
2010). Another strategy used by plants to present lively and attractive colours is 
achieved by the interaction of light with ordered structures at the micron and 
nanoscale (Vukusic et al. 2003). The structural colour observed in some plants, 
such as the white colour of cotton, results from optical scattering of randomly 
distributed microfibrils (Burresi et al. 2014). Other colours result from the 
interaction (reflections) between the incident light and naturally occurring ordered 
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structures (Parker 2000, Vignolini et al. 2012).The colours resulting from ordered 
structures differ with the viewing angle or lighting geometry, which means that 
they present iridescence (Morris 1975), like the interference colours seen in thin 
soap films or bubbles (Doucet et al. 2009, Gruson et al. 2019).  
In the 1960s, Bouligand (Bouligand 1965, 1967) and later Neville (Neville et 
al. 1969), evidenced the optical properties, and structures observed by Scanning 
Electron Microscopy (SEM), of cuticles of some beetles and other biological 
systems such as plants (Bouligand 1972b). They found that the structures 
observed were somehow analogous to what was known for cholesterics 
(Bouligand 1967, 1972b). Bouligand, carried extensive studies of cholesteric 
textures that he represented by three-dimensional models and drawings 
(Bouligand 1972b, Bouligand 1972a, Bouligand et al. 1984, Bouligand 2008).  
 
 
Figure 1. 21 – Helicoidal structures: a) periodic arcs shaped during cellular differentiation (Reis 
1987) and b) Bouligand structure showing a staking of layers in which the lines in each layer are 
rotated 𝟑𝟎° from the previous layer (Bouligand 1969). 
 
Bouligand evidenced the similarity between the orientation of the molecules 
in the cholesteric phase and the orientation of microfibrils in plant structures 
(Figure 1. 21 a)) (Reis 1987). Bouligand proposed a model in which a set of fibrils 
with arcs is arranged in space with a certain periodicity (Figure 1. 21 b)). In this 
model, the fibrils had an axial symmetry, and an oblique section of these fibril 
arrangement results in a series of arcs whose direction of concavity reverses on 
either side of the trace of the axis. Whatever the direction of an oblique cut, the 
series of arcs obtained, have all the same sense of concavity. This particular 
geometrical arrangement is found in numerous biological materials (Bouligand 
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1965). The lamellae containing fibrils arranged in a characteristic way were 
observed by SEM. Each lamella observed in an oblique section is apparently 
composed by fibrils arranged according to arcs. The filaments are parallel to each 
other, but their orientation gradually changes, and in each successive layer the 
fibrillar direction is turned in a small angle about an axis perpendicular to the 
planes. These bow-shaped geometries are characteristic of cholesterics 
(Bouligand 1969).  
Bouligand stated that the twisting of fibrils in one direction, for a certain 
number of biological materials, could arise from the helical or double helical 
configurations of the biological macromolecules. He attributed the formation of 
these organized solid structures to liquid state secretions of plants that assembly 
in an ordered manner. The existence of ordered fluids and possibly ordered 
secretions could provide an interesting mechanism in morphogenesis for certain 
fibrous networks (Bouligand 1972b).  
Fruits may display iridescent structural colours. The strong colouration 
reflected by the fruits of some plants, facilitates their detection by animals and 
attracts the plant’s seed dispersers. Structural colours do not fade, and, in fruits, 
this bright coloration is maintained after the fruit is picked up or has fallen from 




Figure 1. 22 – Structural colouration in fruits: a) picture of Pollia condensata fruit (Almeida et 
al. 2019b), and b) fresh fruits of Margaritaria nobilis. Fruits with successive stages of desiccation, 
from left to right (bottom image), fully hydrated to dry, respectively. The average dimension of the 
fruits is about 𝟏 𝒄𝒎 (Vignolini et al. 2016).  
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A well-known example of a brilliant, intense, and iridescent blue colouration 
is the fruit from Pollia condensata (Figure 1. 22 a)) that C. B. Clark preserved in 
the herbarium of the Royal Botanic Gardens, Kew, UK (Vignolini et al. 2012). The 
fruit collected in 1974, retains its strong blue colouration, and Vignolini et al. 
examined its photonic response (Vignolini et al. 2012). Observing the cross-
section of one fruit composed of three to four layers of thick-walled cells, the top 
epicarp layer shows a periodic multi-layered envelope that reflects blue 
iridescence. The light transmitted through these cells was, according to the 
authors, absorbed by the brown tannin present in the middle layer, which 
enhanced the strong blue colouration (Vignolini et al. 2012). Using a higher 
magnification on the top layer of cells, the cross-section image showed a 
multilayer helical structure (Vignolini et al. 2012) composed of cellulose 
microfibrils. More recently, in 2016, Vignolini et al. studied Margaritaria nobilis 
fruit (Figure 1. 22 b)) (Vignolini et al. 2016). This fruit has a green-blue colour 
when fresh and a pearlescent colour when dry. It was observed that the transition 
from the fresh to the dry state, and vice-versa, is accompanied by the 
corresponding colour variation, indicating that the process by which the colour is 
obtained in each state is reversible (Figure 1. 22 b) bottom photo). The authors 
found that the exhibited colours have a structural origin and do not depend on the 
presence of pigments. The described behaviour is attributed to the presence of 
an helicoidal structure in the cell wall of the pericarp cells. When the fruit is dry, 
the seeds shrink, creating a layer of air between the seeds and the endocarp, 
stopping light absorption, and decreasing the contrast. When the fruit is hydrated, 
the expansion of the seeds eliminates the layer of air and the seeds contact with 
the endocarp, promoting the appearance of blue-green colour (Vignolini et al. 
2016). These examples highlight the macroscopic effect that can be observed, 
namely structural colour, when cellulose microfibrils are present with a periodical 
helicoidal structure. Emons et al. (Emons et al. 2000) refer that one of the 
possible configurations that cellulose microfibrils can assume is helical. The plant 
cell wall typically with 0.1 𝜇𝑚 to 0.3 𝜇𝑚 thickness, serves as a protection for the 
cells and presents cholesteric order. To provide mechanical strength, primary cell 
walls are constituted by cellulose microfibrils of between of 500 and 14 000 
glucose units (Mitov 2017).  
The advantages for plants to present cholesteric structures seem 
associated to the enhancement of the mechanical properties and to the ability to 
display iridescent colours. From the mechanical resistance point of view, 
Murugesan et al. (Murugesan et al. 2010), developed in 2010 a model based on 
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the Landau-de Genes theory, in which the cholesteric configuration of the plant 
cell wall has better performance against the propagation of fractures by deviating 
the direction of the propagation of cracks. Tan et al., in 2017, confirmed the 
enhancement of the mechanical properties in structures with fibres with an 
helicoidal alignment (Tan et al. 2017). The authors printed three different types 
of composites reinforced by helicoidal fibres. Compression tests showed that 
these structures have higher compressive resistance than other composites 
reinforced by fibres organized in other configurations. The increased resistance 
to compression is mostly dependent on the pitch and the orientation of the optical 
axis (Tan et al. 2017). 
 
 
1.6. Hydro-responsive motion of plants 
 
The adaptive movements of plants have inspired scientists and engineers 
pursuing biomimetic materials and actuating devices that can change shape in 
response to environmental stimuli (Oliver et al. 2016). The most common dead 
tissues with hygroscopic behaviour are cell walls with crystalline cellulose 
microfibrils embedded in an amorphous matrix of polysaccharides, aromatic 
compounds, and structural proteins. A wide range of intricate movements in 
plants can be activated by several water-controlled actuators that combine 
diverse layers of cellulose (Fratzl et al. 2008, Elbaum et al. 2014). Anisotropic 
cellulose-based micro and nanostructures that are specifically designed to 
change shape when the environmental conditions change, are at the origin of the 
movements observed (Oliver et al. 2016). The movements of plants rely on water-
content differentiation within the plant cell tissues, i.e., the water is able to flow 
across the tissue, inflating the cells on one side and shrinking the cells on the 
other, thus generating motion, which can also occur in non-living fragments of 
plants (Lacey et al. 1983, Bertinetti et al. 2013). The driving forces for these 
processes are the formation or breaking of hydrogen bons and the entropic forces 
associated with the dilution of the molecular or macromolecular components. 
These swelling processes are easily reversible and can be controlled by 
variations in the humidity of the environment or by changing the chemical 
potential of the swelling agent, since no intramolecular bonds are broken 
(Bertinetti et al. 2013). 
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The water-absorption-driven motion of the entire dead skeleton of the true 
rose of Jericho, Anastatica hierochuntica, a desert plant, is associated with the 
seed-dispersal process. Seed dispersal is achieved by the uncurling motion of 
dead branches that consist of dead cellulosic tissue, which allows rainwater to 
open the fruit valves and release of the seeds. The conducting tissue in the lower 
side of the stem was suggested to be more effective in the opening process of 
the curled dry branches through better and more rapid conductance of water. 
Xylem vessels in the upper side of the stem allow more rapid drying and are 
responsible for the closing process (Friedman et al. 1978, Hegazy et al. 2006). 
Another example of moisture-driven motion is the spike moss Selaginella 
lepidophyla, where the inner and outer stems of the spike moss respond to water 
differently (Figure 1. 23). This mechanism is crucial for plant survival because it 
limits photo-inhibitory and thermal damage and provides a mean of overcoming 
stress due to sun radiation, high temperatures, and water deficit (Lebkuecher et 
al. 1991).  
 
 
Figure 1. 23– Spike moss Selaginella lepidophylla photo: a) hydrated and b) desiccate states. 
Is possible to observe a spiral phyllotaxy with youngest stems near the centre of the plant and 
oldest stems near the outermost of the plant. c) Curling sequence of fully hydrated outer and inner 
stems during dehydration. Both stems exhibit large deformation with distinct curling patterns 
(Rafsanjani et al. 2015).  
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In the presence of water (Figure 1. 23 a)), the stems are flat, but, upon 
dehydration (Figure 1. 23 b)), they fold and curl into a well-packed spherical nest 
shape. The stems can curl and uncurl over several dehydration and hydration 
cycles, respectively, without structural damage. The driving force for stem curling 
is the cell wall shrinking due to water loss within the internal capillary spaces of 
parallel cellulose fibres in the cell walls (Figure 1. 23 c)). These hydration 
changes result in anisotropic swelling and shrinkage and can therefore origin 
plant motion  (Rafsanjani et al. 2015). 
A well-known example of dead plant structures that change shape in 
response to water content are pinecones. Pinecones fold their scales when the 
atmosphere is humid, preventing seed dispersion, whereas on dry days, the 
scales open, and the seeds are released and carried by the wind (Le Duigou et 
al. 2016). In the scales, cellulose fibrils are asymmetrically oriented, and this 
layout is responsible for the translation of local swelling/shrinking to a global 
bending movement (Dawson et al. 1997, Song et al. 2015, Song et al. 2017). 
Popping et al., recently reported that hygroscopic motion is still possible in 
coalified conifer cones from the Eemian Interglacial period (≈ 126 000 – 113 000 
years ago) and from the Middle Miocene period (≈ 16.5 – 11.5 million years 
ago) (Poppinga et al. 2017). 
Hygroscopic movement is also ubiquitous in plants that rely on spore 
dispersion, i.e., the spores deform as they dry, causing sporangia (the capsule 
structure in which the reproductive spores are produced and stored) to open and 
release its spores (Newcombe 1888, Katifori et al. 2010, Noblin et al. 2012). A 
fascinating example is Equisetum spores (Figure 1. 24 a)), which are composed 
of four elaters, flexible ribbon-like appendages, wrapped around the main spore 
body that upon dehydration, unfold and propel the spore. The elaters fold back in 
humid air, allowing the spores to move, in a random direction. This mechanism 
allows very efficient spore dispersal and overcomes adhesion to the plant or to 
neighbouring spores (Marmottant et al. 2013).  
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Figure 1. 24 – Humidity driven movement in plants. a) Equisetum spore with four elaters (scale 
bar𝟓𝟎 𝝁𝒎), the elaters fold as a function of the relative humidity (RH) allowing the spores to move 
in a random direction (Marmottant et al. 2013). b) Photograph of several seed pods that present 
moisture-driven macroscopic deformation: i) Leucaena, ii) Jacaranda, and iii) Erythrina.  
 
Seedpods, hierarchical composite materials, also present macroscopic 
deformations due to nanoscale anisotropy expansion within the tissues are 
presented in Figure 1. 24 b) (Harrington et al. 2011, Charpentier et al. 2017). 
Leucaena, Jacaranda, and Erythrina pods open up through progressive bending 
and twisting due to dehydration (Bar-On et al. 2014). The opening of chiral seed 
pods is a nontrivial example of moisture-driven motion, in which two initially flat 
pod valves curl into helical strips of opposite handedness. The bilayer structure 
of the pod valves contains microfibrils oriented perpendicular to each other and 
at 45° to the pod axis. As the water content in the pods decreases, the two layers 
shrink along perpendicular axes leading to shape distortion (Ghafouri et al. 2005, 
Armon et al. 2011).  
An example of a natural hygroscopic device with a complex hierarchical 
system are the awns of wheat Triticum turgidum. The awn is the dispersal unit for 
wild wheat and has cellulosic fibril arrangements that promote bending as 
humidity changes (Elbaum et al. 2007). Stiff cellulose self-organized nanorods 
inserted in a soft hygroscopic matrix, which shrinks when the plant dies, are 
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responsible for bending the awn (Elbaum et al. 2008). Cellulose fibrils of wheat 
awns are arranged in two layers, active and resistant, and are optimized for 
strength and efficient water exchange, which allows the hygroscopic device to 
function even with small changes in ambient humidity (Fratzl et al. 2008).  
 
1.6.1. Mimicking the movements of hydro-responsive plants 
with cellulose-based films  
 
Biomimetic composite materials with cellulose nanofibers incorporated into 
the polymer matrices, such as poly(vinyl acetate) (PVA), poly(butyl methacrylate) 
(PBMA), bends of PVA and PBMA polymers (Shanmuganathan et al. 2010), 
styrene (Annamalai et al. 2014), and urea-formaldehyde resin (Giese et al. 2014), 
have been reported to be hydro-responsive. A composite cellulose 
nanocrystal-based, bio-inspired, humidity-responsive photonic film that has a 
left-handed chiral nematic structure in a sandwich assembly, was reported by Wu 
et al. (Wu et al. 2016). The asymmetric composite film was produced by 
assembling hydrophilic CNCs and poly(ethylene glycol) diacrylate (PEGDA) 
layers with uniaxial orientation of polyamide-6 layers. The cellulose composite 
film presented humidity-triggered movement as a result of the asymmetric 
swelling of the hydrophilic components of the sandwich structure, namely, CNC 
and PEGDA (Wu et al. 2016). 
Wang et al. (Wang et al. 2015a) described thin films of cellulose micro and 
nanofibres that are highly sensitive to humidity with bidirectional complex 
water-vapor-triggered bending shapes. The bending movement is cyclic, 
directional, and reversible. The dynamic bending curvature was attributed to a 
bilayer-like structure and was controlled by the film thickness (Wang et al. 2015a). 
The films produced from carboxylated cellulose nanofibres were found to 
reversibly respond to a water gradient, presenting a bending movement within 
1 − 2 𝑠. The bending movement is attributed by the authors to the sorption of 
water by the hydrophilic nanocellulose rods at the interface of the film. The 
direction and the magnitude of the flux of the water molecules was reported to 
drive the bending of the films and the frequency of the motion, respectively (Wang 
et al. 2015a, Bettotti et al. 2016). 
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Figure 1. 25 – Self-standing cellulose responsive films. a) Schematic representation of the 
structure of cellulose stearoyl esters (CSEs) and fabrication of films by solvent-casting. 
b) snapshots of water bending response of CSE solid film (Zhang et al. 2015). 
 
Zhang et al. (Zhang et al. 2015) reported a moisture-sensitive self-standing 
transparent films of cellulose stearoyl esters (CSEs) that were produced by 
solvent-casting (Figure 1. 25 a)). The films with low degrees of substitution could 
quickly bend and return to their original shape when exposed to moisture. 
Because of water absorption on their surfaces, in environments with high 
humidity, the films bend and then fold up in 1 − 2 𝑠. After reaching their most 
folded state, the films unfold within 1 − 2  𝑠, as the water molecules are released 
from the film’s surface. This folding-unfolding process can be repeated several 
times without the transition slowing down, as shown in the snapshots in 
Figure 1. 25 b) (Zhang et al. 2015).  
Hydroxypropylcellulose (HPC) films were also found to respond to moisture 
by bending and unbending. A steam-driven cellulose soft-motor prepared from 





Figure 1. 26 – Moisture-driven hydroxypropylcellulose (HPC) soft-motor. Series of frames 
from a video showing rotation. The motor is housed in a dry environment. The belt dimensions 
are 𝟏. 𝟎 𝒄𝒎 × 𝟖. 𝟎 𝒄𝒎 × 𝟑𝟎 𝒄𝒎 , and the wheel diameter is 𝟏𝟒 𝒎𝒎. The alignment direction of the 
polymer molecules is parallel to the axes of the wheels. The free surface of the film is on the 
outside. The white arrow indicates the location of moist air (Geng et al. 2013). 
 
A ribbon of an HPC film produced from a sheared chiral nematic solution 
was passed over two wheels, and humid air was applied to the outside of the film 
near one of the wheels. The response of the film to humidity caused the wheels 
to move. Due to the bending of HPC film near the wheel where the moisture was 
applied, motion was generated, which continued as long as humid air was 
present. During the rotation, the HPC film moved away from moisture, dried, and 
then returned to its original shape ready to begin a new cycle. The strain was 
coupled to orientational order, which could be modified by exposing the film to 
water. Changes in the orientation of the constituents of the films cause stresses 
and strains that result in changes in the shape of the sample (Geng et al. 2013). 
The incorporation of a small amount of highly anisotropic particles into the 
HPC films improved the mechanical properties of the films and caused the soft-
motor to quicker respond to humidity (Echeverria et al. 2015).  The alignment of 
the nanoparticles is promoted by the cellulose chains during casting and shearing 
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1.6.2. 4D printing of cellulose-based hydro-responsive 
materials 
 
3D printing is currently transforming the world of manufacturing since it 
leads to a quicker response, reduced lead times, swift innovation, rapid 
manufacturing, and mass customization. 4D printing is an evolution of 3D printing 
and is altering the way to produce materials by adding the dimension of shape 
modification over time into the creation process. Originally it is defined with the 
formula “4𝐷 𝑝𝑟𝑖𝑛𝑡𝑖𝑛𝑔 = 3𝐷 𝑝𝑟𝑖𝑛𝑡𝑖𝑛𝑔 + 𝑡𝑖𝑚𝑒” (Momeni et al. 2017, Deshmukh et 
al. 2020).  
A single-step process in which several properties of materials can allow the 
conversion of a 1D strand or 2D surface into a 3D shape or even transform a 3D 
shape into another 3D shape using, for example, only water as the activator is 
described as 4D printing (Raviv et al. 2014). Hence, the main objective of 4D 
printing is the self-assembling property of the 3D-printed object upon exposure to 
certain stimuli, such as, heat (Goo et al. 2020), pressure (Shim et al. 2012), 
moisture (Raviv et al. 2014), light (Leist et al. 2016), and chemical reactions (Lee 
et al. 2021). This printing technique opens new possibilities for the production 
and manufacture of smarter reconfigurable materials tailored to their intended 
applications (Raviv et al. 2014, Huang et al. 2017, Rayate et al. 2018, Chen et al. 
2021). 
A biomimetic composite hydrogel using nanofibrillated cellulose (NFC), that 
can be 4D printed into a programmable bilayer architecture, was reported by 
Gladman et al. (Gladman et al. 2016), and the materials can be encoded with 
local anisotropy that promotes intricate shape modifications upon immersion in 
water (Figure 1. 27). Biomimetic 4D printing is based on the ability to define the 
elastic and swelling anisotropies by controlling the local orientation of NFCs in 
the hydrogel composite, see Figure 1. 27 a). During the printing process, as the 
ink flows, fibril alignment is induced, leading to anisotropic stiffness and 
longitudinal swelling. A series of functional folding flower architectures were 
printed from bilayer meshes that enable petals to close (Figure 1. 27 b)) or twist 
(Figure 1. 27 c)) upon swelling depending on the orientation of the layers. The 
complex architecture of the orchid Dendroium helix (Figure 1. 27 e)) was 
successfully reproduced by programming multiple shape-shifting domains that 





Figure 1. 27 – Cellulose-based structured for 4D materials. a) Schemes of anisotropic 
cellulose-based ink preparation and water-responsive tissue. Morphologies of flowers fabricated 
by biomimetic 4D printing with different orientations of cellulose fibres b) 𝟗𝟎° 𝟎°⁄  bilayer, 
c) −𝟒𝟓° 𝟒𝟓°⁄  bilayer, with respect to the long axis of each petal. The bottom panel shows time-
lapse sequences of the flowers during the swelling process (scale bars: 𝟓 𝒎𝒎; inset 𝟐. 𝟓 𝒎𝒎). 
d) Complex 3D-printed structure. e) Swollen structure of a printed flower demonstrating a range 
of morphologies inspired (left) by the orchid Dendrobium helix flower (right) (scale bars: 𝟓 𝒎𝒎) 
(Gladman et al. 2016). 
 
A composite cellulosic hydrogel with a high proportion of pulp cellulosic 
material was used as ink in 3D printing with compromising the responsiveness of 
the cellulose to hydration. Montmorillonite clay was added to the ink to stabilise 
the formulations for long term storage, but additional complementary effect of 
lowering yield stress was also identified. It is believed that the intercalating clay 
platelets inhibit or even cleave hydrogen bonding. Rheological characterization 
of the inks confirms that the addition of clay improves the solid-like characteristic 
at rest and enhances flow characteristics, as desired for 3D printing. The ability 
to precisely apply the ink via 3D printing was demonstrated though a fabrication 
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of a complex structure capable of morphing according to pre-determined design 
in response to hydration and dehydration (Mulakkal et al. 2018).  
A monomer-based ink composed of cellulose nanocrystals (CNC) dispersed 
in a solution containing 2-hydroxyethyl methacrylate (HEMA) monomer, 
polyether urethane acrylate, and a photo-initiator that is cured by UV light, was 
shown to be efficient for 3D printing. Structures printed with CNC-based inks 
showed shear-induced alignment of the anisotropic elements and enhanced 
stiffness along the printing direction. These capabilities make CNC-based inks 
good candidates for the biomimetic 4D printing of programmable reinforced 
materials that respond to stimuli (Siqueira et al. 2017).  
The production of macroscopic filaments comprising highly ordered 
TEMPO-oxidized cellulose nanofibrils have been reported by Wise et al. (Wise et 
al. 2020). Cellulose nanocrystals were randomly aligned in the plane along the 
filament length but oriented parallel to the filament axis. This high orientation 
degree confers impressive improvements in the mechanical properties of the 
filament (Wise et al. 2020). The possibility to control the alignment of the cellulose 
nanocrystals is of great importance for the design of the 4D printing process since 
it is possible to tune the mobility of the material by inserting aligned cellulose 
nanocrystals in the structure. 
Correa et al. reported the printing of 4D pine scale and flap structures 
capable of multi-phase movement (Correa et al. 2020). Multi-phase motion like 
the subsequent transversal and longitudinal bending deformation during 
desiccation of natural pinecone scale was structurally programmed in this printed 
hydromorphic structure. 3D printing thought fused filament fabrication was 
applied, and Wood Polymer Composite (fibrous filler from wood-derived fibres 
combined with co-polyester polymer matrix) and acrylonitrile butadiene styrene 
(ABS) were used. Wood polymer composite mimics the properties of the 
swellable layer, i.e., the hygroscopically actuating layer of the pine-cone scale 
and the ABS acts as the stiffer and much less sweallable upper layer, also 
considered the resistance layer. The 4D printed scales exhibited a similar two-
phase motion behaviour as the natural scale ant the method used allowed the 
definition of the local hygroscopic anisotropies and local non-hygroscopic 
anatomic features in a single process. These novel multi-stage actuation 
movements can lead the way to develop advanced and passively actuated 




1.7. Helical tracheary microfilaments 
 
Cellulose-based micro and nanofilaments that exist in nature are a great 
source of inspiration for cellulose-based materials. Micro and nanofibres 
produced by plants and animals are fundamental constituents that provide 
support to the vital functions of the organisms.  Many plants have filaments that 
assist in functions such as reproduction or supporting their own weight. A good 
example of organisms that use filaments for structural purposes are the climbing 
plants. Charles Darwin, reported that, in this type of plants, long filaments, 
designated tendrils, make long circular movements in the air, searching for a 
point that can be used for support during plant growth (Darwin 1865, Isnard et al. 
2009).  When the support is found, the tendril coils around it forming helices (3D 
structure) and, if they do not find a support point a spiral is created (2D structure). 
The helices formed by the tendrils frequently present reversals in sense of 
rotation of the helices, and a small straight segment, called a perversion, that 
connects the two opposite handedness helices is observed (Canejo et al. 2013).  
Helical shapes and other filament structures can be observed, not only in 
tendrils, but also in other parts of plants. Karam (Karam 2005) observed fibres 
from the system responsible for the water transport from the roots to the leaves 
of the plant, the xylem, that can form helical structures, and studied them from 
the engineering design point of view.  
Microfilaments found in plant leaves, a crucial part of plant fluids transport 
system, are tightly coiled forming the xylem vessels, tubes through which the 
fluids are transported from the roots to the leaves (Edwards et al. 1992, Boyce et 
al. 2004, Chen et al. 2016). The fluid transport system in plants is similar to the 
animal’s blood circulatory system, but there is no pump equivalent to the heart, 
no circulating cells and liquids do not continuously circulate. Xylem, a highly 
specialized transport system present in vascular plants, is made up of dead cell 
wall skeletons and is responsible for supplying large amounts of water to the 
photosynthetic organs of the plant (Venturas et al. 2017). Xylem vessels are 
present in all plants, and to date, only left-handed helical microfilaments have 
been isolated (Gray 2014). Molecular chirality of cellulosic materials has been 
reported at the levels of individual cellulose-derived polymers (Hanley et al. 1997, 
Yang et al. 2019), suspensions of chiral nematic cellulose nanocrystals and films 
(Revol et al. 1992), and paper (Gray 1989, ten Bosch 1996).  
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In 2014, Gray (Gray 2014) isolated xylem cells from tracheary systems of 
different plants, such as celery, sugar maple, London plane, horse chestnut, tulip 
tree, paulownia, and ginkgo. The helically coiled cellulosic microfibrils that serve 
as mechanical reinforcement of the tracheary system were isolated after 
chemical treatment with alkali and acid chloride. The isolated coils presented 
diameters around 35 𝜇𝑚 and their lengths reach several centimetres. All the 
isolated coils present left-handed helices. Depending on the plant, the helices 
can be built up of single strands or several strands parallel to each other. 
According to the author, this left-handed structure is formed because the 
orientation of the cellulose inside the coils comes from a nonchiral organization, 
often forming ring-like thickenings in vascular system of the plants, and this 
deviation produces a left-handed coil with an orientation that is offset relative to 
the nonchiral structure (Gray 2014). 
 
 
Figure 1. 28 - Helical filaments in plants. Photos and microscopy images of left-handed 
microhelices from xylem of different plants: a) Rhaphiolepis indica, b) Agapanthus africanus, 
c) Cotoneaster lacteus, d) Passiflora edulis (passion fruit), and e) Musa acuminata (banana) (Gao 
et al. 2014). 
 
Gao et al. (Gao et al. 2014) reported the use of xylem cells as templates to 
produce microswimmers. In their work, helical vessels of xylem were isolated 
from different plants (Figure 1. 28), and structures with diameters ranging from 
10 𝜇𝑚 up to greater than 60 𝜇𝑚 were obtained. These helical structures can be 
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constituted of multiple vessels connected to each other in parallel. The authors 
used mechanical deformation to change the pitch and the diameter of the helix 
and thus obtain the helical filaments with different dimensions. The motion of 
these filaments under water after being coated with a magnetic layer can be 
controlled using a magnetic field (Gao et al. 2014).  
The tubes, composed by the microfilaments, appear in tightly packed bundles 
providing also mechanical strength to the leaves. The microfilaments can be 
isolated by simply breaking the plant leaves (Almeida et al. 2019a). Chemical 
methods or simple extraction procedures, for spiral vessels isolation are well 
described in literature (Kamata et al. 2011, Gao et al. 2014).  
Due to the abundance of the xylem vessels, easy isolation, low-cost and 
consistent manufacturing for large-scale mass production, the microfilament 
helices are an attractive alternative for the design of new materials and devices. 
Plant motion, mostly driven by water-swelling or shrinkage of cells inside 
tissues, are very different from muscle-driven mechanisms in animals (Neville 
1993). Plant cells can endure significant pressures variations because their cell 
wall is enclosed with stiff cellulose fibres and other polysaccharides, such as 
hemicellulose and pectin (Lydon 2014). Cellulose fibres organization dictates the 
changes in the shape of the plant, upon exposing to external stimuli. The spatial 
distribution of the cellulose fibres, between the different constituents materials, 
determines the shape and complexity of the deformations (Li et al. 2016). The 
macroscopic movement of the plant is dictated by the cells within the “mobile” 
tissue, whereas the mechanical response of the individual cell is determined by 
cellulose microfibril stiffening of the cell wall (Poppinga et al. 2018).  
Humidity-driven bending, unbending, curling, and twisting movements 
observed in plants are an inspiration for the design of novel biomimetic materials. 
The organization of plant cells with different mechanical properties may promote 
stress or movement (or both), when adjacent cells contract (or expand) 
differently, resulting in accumulation of mechanical stress in the tissue. These 
movements are also observed in dead plant tissues. Anisotropic cellulose-based 
micro/nanostructures, which are specifically designed to change shape when 
environmental conditions change, are at the genesis of the responsiveness of 
these materials (Abraham et al. 2012, Bar-On et al. 2014). 
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1.7.1. Cellulose-based micro and nanofilaments that mimic the 
shapes of natural filaments 
 
Cellulose-based micro and nanofilaments that exist in nature are a great 
source of inspiration in the development of cellulose-based fibres, that are 
affected by the preparation and properties of man-made membranes and tissues. 
The helical shapes exhibited by plants tendrils and filaments, as referred 
previously, served as inspiration for reports published by Godinho et al. in 2009 
(Godinho et al. 2009), and 2010 (Godinho et al. 2010), in which micro and 
nanofibres of cellulosic derivative acetoxypropylcellulose (APC) were 
electrospun from an anisotropic solution. Dissolved polymers, cellulose-based or 
not, can be used to continuously produce fibres with diameters that can range 
from < 100 𝑛𝑚 to several micrometres. Fibres are deposited as a single filament, 
web (woven) or nonwoven in dry (dry spinning and electrospinning) or wet 
conditions (wet spinning) (Ajdary et al. 2020). 
A similarity between the shape of the tendrils from Passiflora edulis and the 
electrospun APC micro nanofibres is presented in Figure 1. 29. These 
observations agree with those of Darwin, the APC micro nanofilaments also form 
spirals when one end if fixed and the other is free to rotate in space and, if the 
two ends are fixed, this motion causes them to form two helices with opposite 
handedness separated by a perversion. When the APC fibres were electrospun 
from an isotropic solution, no helical structures were observed (Godinho et al. 






Figure 1. 29 – Cellulose-based micro-helices. a) Passiflora edulis tendril and b) cellulose fibre 
electrospun from a liquid crystalline phase forming spirals c) A tendril of Passiflora edulis with a 
perversion (indicated by the white arrow) separating the two helices of opposite handedness and 
d) cellulose fibre electrospun from an anisotropic solution with right- and left-handed helices linked 
by a perversion (Godinho et al. 2010, Canejo et al. 2013).  
 
A jet produced from APC anisotropic solution presents spontaneous torsion 
and curvature at shear rates higher than the critical value. However, no 
spontaneous curvature is observed when the jet is produced from an isotropic 
APC solution, regardless the shear rate. The intrinsic curvatures observed in the 
micro and nanofibres and the jets produced from the anisotropic APC solution 
were assigned to the formation of an off-axis line defect disclination when the 
solution was subjected to shear (Godinho et al. 2010). The presence of intrinsic 
curvature in electrospun APC fibres from an anisotropic solution were already 
previously reported by Canejo et al. in 2008 (Canejo et al. 2008). 
The influence of the intrinsic curvature on the trajectories of electrospun 
APC fibres was reported in 2013 (Canejo et al. 2013). The authors followed the 
trajectories of the electrospun APC micro and nanofibres as they left needle using 
a high-speed camera. The trajectories of the fibres produced from anisotropic 
phase showed spontaneous rotation immediately after leaving the tip of the 
needle. However, the fibres produced from the isotropic phase present linear 
trajectory. It was also reported that the number of turns present in the helices in 
the suspended micro nanofibres increased by rotation of the perversion during 
SEM analysis. This overwinding process was attributed to the release of elastic 
energy caused by electron beam of the SEM heating of the filament during the 
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observation. As consequence of this increment in the temperature, the stiffness 
of the disclination line becomes strong enough to promote further coiling of the 
matrix since the matrix becomes softer at higher temperature (Canejo et al. 
2013).  
Helical nanofibres from cellulose acetate (CA) and a flexible component 
were reported as good candidates for application in sorption and filtration 
materials (Zhang et al. 2019). Nanofibres of three-dimensional helical structure 
with porous core were produced combining CA thermoplastic polyurethane 
through co-electrospinning. In this study, CA acts as the stiff fibre ribbon in the 
cucumber tendrils, while the polyurethane is chosen to be the flexible component 
on the nanofibre. The intermolecular hydrogen bonding between the two 
components is stated as indispensable for the formation of the helical fibres 
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In this chapter, plant tracheary microfilaments collected from two different 
plants are shown, using nematic liquid crystals droplets, to have different surface 
morphologies, which lead to diverse interactions with the environment and 
between microfilaments. These differences are translated to diverse mechanical 
properties of entangled microfilaments with different potential applications. 
Numerical modelling was performed in collaboration with Professor Slobodan 
Žumer from the University of Ljubljana, Slovenia. The presented study also 
introduces routes for accurate characterization of plant microfilaments.  
The tracheary polygonally bent helical microfilaments existing in plant 
leaves are composed by a cellulose skeleton surrounded by diverse layered 
structures. The shape of the microfilaments provides high compression 





these microfilaments include the transport of water and nutrients from the roots 
to the leaves.  Unveiling details about local interactions of tracheary elements 
with surrounding materials, which vary between plants due to adaptation to 
different environments, are crucial for understanding their mechanical 
characteristics.  
Microfilaments were isolated from two plants belonging to the Asparagales 
order, Agapanthus africanus and Ornithogalum thyrsoides. A. africanus (Figure 
2. 1 a)) is an evergreen plant indigenous to South Africa, that grows in the wild, 
from south-western Cape eastwards into Kwazulu-Natal and further North into 
Mozambique, but it is also adapted to environmental conditions in Europe, 
Australia, New Zealand, and North and South America. A. africanus roots are 
traditionally used by local communities in South Africa as medical treatment for 
various disorders (Tegegne et al. 2008). O. thyrsoides (Figure 2. 1 b)) is a 
perennial plant native to South-western Cape Province. However, this plant is 
now found throughout Europe, South-West Asia, and Africa. O. thyrsoides has 
no medicinal folkloric background and is cultivated all over the world for 
ornamental purposes (Kuroda et al. 2004, Lipsky et al. 2014).    
 
 
Figure 2. 1 - Revealing filamentary plants structures: Photographs of a) Agapanthus africanus 
b) Ornithogalum thyrsoides (I) flowers, (II) leaves and (III) bundles of microfilaments extracted 
from a leaf cross-section.  
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The leaves from A. africanus and O. thyrsoides plants were hand-picked 
from a garden near the Faculty of Science and Technology in Caparica region, 
Portugal (Figure 2. 1 a) and b) III). 
 
2.2. Experimental details 
 
All the filaments used in this work were isolated from the leaves immediately 
after the collection of the leave from the plant. Microfilaments were removed from 
A. africanus and O. thyrsoides leaves by simply breaking of the leaves.  
The photos of Figure 2. 1 were taken under solar light with a Canon EOS 
450D camera equipped with a 60 𝑚𝑚 micro-lens. The morphology of the 
microfilaments was observed with a scanning electron microscope CrossBeam 
Workstation (SEM-FIB) Zeiss Auriga. The SEM images under the in-lens mode 
have been carried out with an acceleration voltage of 2 𝑘𝑉 and aperture size of 
30 𝜇𝑚. A thin layer (< 20 𝑛𝑚) was deposited on the suspended microfilaments 
using a Q150T ES Quorum sputter coater.  
The isolated, bundles of microfilaments were suspended in 1 𝑐𝑚2 frames 
and treated with sodium hydroxide, 𝑁𝑎𝑂𝐻, 5 𝑤𝑡 % solution for 1 ℎ in order to 
access the nanostructures cellulose skeletons (Kamata et al. 2011). The initial 
O. thyrsoides microfilaments, suspended in 1 𝑐𝑚2 frames, were also gently 
treated with water and sonicated 1 ℎ to remove the smooth outer surface.  
The nematic liquid crystal 4′ − 𝑛 − 𝑝𝑒𝑛𝑡𝑦𝑙 − 4 − 𝑐𝑦𝑎𝑛𝑜𝑏𝑖𝑝ℎ𝑒𝑛𝑦𝑙 (5CB) was 
used to produce the microdroplet necklaces. The pierced droplets were observed 
in transmission mode under a polarized optical microscope (POM) Olympus 
𝐵𝑋51 coupled to Olympus 𝐷𝑃73 𝐶𝐶𝐷 camera and acquired with the Stream Basic 
𝑉. 1.9 Olympus software. A cold illumination source generated by a halogen lamp 
(𝐾𝐿 2500 𝐿𝐶𝐷; Olympus) was used. The images were obtained with × 10, × 20, 
or × 50 objectives (MnPlanFL N; Olympus) and automatically scaled by the 
software. The liquid crystal necklaces were prepared according to similar 
protocols reported by Aguirre et al. (Aguirre et al. 2016). A tip of a metallic copper 
wire, with a 0.1 𝑚𝑚 diameter, was used to generate the liquid crystal droplets and 
to deposit them on the suspended microfilaments. The diameter of the droplets 
was in the range of 5 − 50 𝜇𝑚. 
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The mechanical properties of the leaves were examined using uniaxial 
tensile testing. These tests were carried out using a machine from Rheometric 
Scientific (Minimat Firmware 3.1) with a 20 𝑁 load cell. Tensile tests were 
performed for A. africanus and O. thyrsoides leaves at room temperature using a 
speed of 5 𝑚𝑚 𝑚𝑖𝑛⁄ . For each measurement, five samples collected by cutting 
the leaves parallel to the trachearies, were stretched along the same direction. 
The leaves samples of A. africanus and O. thyrsoides used to obtain the nominal 
stress-strain curves had, respectively, initial lengths of 5.5 and 3.2 𝑚𝑚 and 
cross-sections of ~12.5 × 0.55 𝑚𝑚2 and 9.5 × 0.70 𝑚𝑚2.   
To examine the mechanical behaviour of the bundles, obtained by breaking 
the leaves between two clamps, they were collected in a plastic frame and 
precisely cut with a cutting plotter machine (Silhouette Portrait 3), in order to fix 
the initial length 𝑙0 = 6.5 𝑚𝑚. A homemade tensile apparatus, equipped with a 
load cell with a precision of 1 𝑐𝑁, was used to obtain tensile load/deformation 
curves at 0.5 𝑚𝑚 𝑚𝑖𝑛⁄  strain rates. The same experimental procedure was used 
for the bundles of both plants. The developed force by the imposed deformation 
was measured for 5 to 6 bundles mounted together in the frame, which were then 
strained until rupture. At least five leaves of A. africanus and O. thyrsoides were 
used for each tensile essay. The number of bundles, number of microfilaments 
in each bundle and the cross-section of the bundles and microfilaments were 
determined with Image J, version 1.45𝑠, http://imagej.nih.gov/ij/ considering the 
POM and SEM images. The stress was calculated bearing in mind that each 
bundle has in average 6 microfilaments for A. africanus and 6 microfilaments for 
O. thyrsoides, with bundles cross-section areas of 133 𝜇𝑚2 and 69 𝜇𝑚2, 
respectively (at least 10 measurements were made for each bundle and each 
plant). The average cross-section area of the microfilaments was determined for 
both plants by SEM being the value of 2 𝜇𝑚2 used for calculations. Photos and 
movies of the tensile tests were obtained with a Canon EOS 450D camera 
equipped with a 60 𝑚𝑚 micro-lens.  
Atomic Force Microscopy (AFM) measurements probing surface 
mechanical properties of isolated helical microfilaments from bundles of each 
plant were performed with an Asylum Research MFP-3D Standalone using 
commercial silicon probes (Olympus 𝐴𝐶240𝑇𝑆; 𝑓0 = 70 𝑘𝐻𝑧; 𝑘 = 1.7 𝑁 𝑚⁄ ) 
calibrated with the Sader method (Sader et al. 1999). The isolated microfilaments 
extracted from each plant were glued onto glass microscopic slide bars using 
two-sided glue tape. The acquired AFM curves were analysed with the Asylum 
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Research tool packages installed in the Igor 𝑃𝑟𝑜 − 6.34 analysis software 
(Wavemetrics), through which the elastic modulus (ratio between stress and 
strain) of the surface layer microfilaments and the probe-sample adhesion were 
determined. A standard force curve was recorded with the AFM indentation 
measurements, and then the corresponding load versus indentation curve was 
calculated. To consider surface-sample heterogeneity, measurements were 
taken in at least two different regions, where 25 force curves were recorded over 
a regular grid over 5 × 5 𝜇𝑚. Each curve was taken at constant vertical 
displacement speed of 2 𝜇𝑚 𝑠⁄ . The maximum applied load was kept constant 
throughout all measurements, and mechanical properties were extracted from 
the last 100 𝑛𝑚 of indentation through a software trigger that made sure that the 
curve was in the linear force vs. indentation region. It should be noted that the 
indentation measurements were not performed in quasi-static conditions, and 
therefore, the viscous response (loss modulus) might play a significant role; 
moreover, the calculated absolute values of elasticity are prone to several 
uncertainties and nonidealities (e.g., in the tip geometry or the surface 
characteristics of the microfilaments). All the AFM measurements in this work 
were taken with the same cantilever and the same experimental conditions.  
The infrared (IR) spectra, of the microfilaments collected from A. africanus 
and O. thyrsoides leaves, and after alkali treatment for A. africanus 
microfilaments, were acquired. The analysis was performed using an Attenuated 
Total Reflectance (ATR) sampling accessory (Smart iTR) equipped with a single 
bounce diamond crystal on a Thermo Nicolet 6700 Spectrometer. The spectra 
acquisition was made with a 45° incident angle in the range of 4000 − 525 𝑐𝑚−1 
and a 4 𝑐𝑚−1 resolution. The microfilaments were suspended in a frame of 1 𝑐𝑚2.  
Structural characterization of the isolated microfilaments from A. africanus 
leaves, before and after alkali treatment (𝑁𝑎𝑂𝐻 5 𝑤𝑡 % for 1 ℎ and 3 ℎ), was 
performed with a X’Pert PRO (PANAlytical) X-ray diffractometer (XRD). The 
measurements were done using 𝐶𝑢 𝐾 ∝ radiation in the range 2𝜃 = 5 − 50°. The 
microfilaments were suspended in a frame of 1 𝑐𝑚2. 
All the work related to the numerical modelling was performed in 
collaboration with Professor Slobodan Žumer from the University of Ljubljana, 
Slovenia. The simulation of the nematic liquid crystal ordering in droplets relies 
on continuum modelling using tensorial Landau-de Gennes (LdG) free energy 
minimization approach (de Gennes et al. 1993, Ravnik et al. 2009), combining 
bulk free energy and surface free energy, which accounts for the anchoring on 
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the droplet surface and on the droplet-microfilament interface. The same values 
of liquid crystal material constants as in reference (Aguirre et al. 2016) were used. 
The free energy was minimized numerically by using an explicit Euler relaxation 
finite difference method. The anchoring strength and type on the microfilament 
and on the droplet’s, surface was varied. Homeotropic, planar and random 
anchoring at the microfilament surface, and homeotropic on the droplet-air 
interface was used. For simulation of the transmission image, transmission 
polarization micrographs were calculated from the simulated director fields by the 
improved Jones’ method using non-parallel rays (Mur et al. 2017). Appropriate 
viewing directions and the angles of polarizer and analyser were selected to 
match the experiments and the droplets were scaled to match the experimental 
sizes. Light beam was focused on the centres of the droplets. The values of LC 
refractive indices used in simulations were set to 𝑛0 = 1.540 and 𝑛𝑒 = 1.750. The 
birefringence of the microfilament was set to 𝑛0 = 1.540 and 𝑛𝑒 = 1.595 with 
optical axis pointing along the direction of the microfilament.  
 
2.3. Results and Discussion 
 
2.3.1. Morphology of helical tracheary microfilaments 
 
The helical tracheary elements extracted from the plants were easily 
isolated by simply breaking the leaves and pulling the two parts apart Figure 2. 
1 a) and b) III). The filaments extracted from both plants present similar diameters 
of the order of 1-2.5 𝜇𝑚.  
 The cross-section of the A. africanus leaf exposing the vascular bundles, 
from where the microfilaments were collected, was observed by Scanning 
Electron Microscopy Figure 2. 2. It is possible to observe entanglements in the 
helical microfilaments when drawn from the leaf.  
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Figure 2. 2  – Agapanthus africanus leaf cross-section. Scanning Electron Microscopy images 
from a leaf cross-section exposing the bundles of polygonal microfilaments that form the vascular 
system.  
 
Single relaxed and stretched microfilaments reveal the polygon-helical 
shapes that arise due to the packing of many such tracheary tubes. The 
hexagonal packing is the densest packing with the smallest surface/volume ratio. 
In fact, the corners of polygonal outline give rise to kinks/elbows when the 
microfilaments are stretched as is possible to observe in highlighted by a yellow 
circle in Figure 2. 3.  
 
 
Figure 2. 3 – Leaf polygonal microfilaments: Scanning Electron Microscopy images showing 
the polygons along a microfilament helix collected from A. africanus leaf (a) relaxed and 




The microfilaments were also observed stretched under Polarized Optical 
Microscopy (POM) (Figure 2. 4) with cross polarizers and a wave lambda plate, 
𝜆 = 530 𝑛𝑚, between crossed polarizers, and between parallel polarizers. The 
birefringence of the microfilaments and the blue and orange colours observed, 
when the sample is seen between crossed polarizers with a lambda plate 
(Figure 2. 4 a)), indicate that the cellulosic material, composing the skeleton of 
the microfilaments, is align with their main axis. This organization of cellulosic 
material was already referred by Gray for celery tracheary elements (Gray 2014). 
Black spots were observed along the microfilaments seen between crossed 
(Figure 2. 4 b)) and parallel polarizers (Figure 2. 4 c)). These spots are an 
indication of a local misalignment, causing the light scattering and consequently 
reducing light transmission. 
 
 
Figure 2. 4 – Agapanthus africanus stretched microfilaments: Polarized Optical Microscopy 
image taken between a) crossed polarizers with a lambda plate, b) crossed polarizers, and 
c) parallel polarizers of a A. africanus stretched microfilament.  
 
These spots mostly correspond to the elbows, the corners of the helical 
polygons, marked with the yellow circle in Figure 2. 3, where the strain caused 
by the straightening of the elbow induces local nanostructure disorder in the 
microfilament. To better understand this evidence, the filaments were treated with 
alkalis, as described in 2.2, to remove the outer layers and expose the inner 
cellulose skeleton. The Infrared (IR) spectra of the filaments as collected from 
A. africanus and O. thyrsoides, and after alkali treatment for A. africanus were 
acquired.  
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Figure 2. 5 - Infrared spectra of the microfilaments extracted from: a) A. africanus and 
O. thyrsoides leaves and b) spectra from A. africanus filaments as collected and after alkali 
treatment. 
 
The spectra from A. africanus and O. thyrsoides microfilaments presented 
in Figure 2. 4 a) present peaks at 1735 𝑐𝑚−1 and 1247 𝑐𝑚−1 characteristic of a 
carbonyl band and symmetric bridge stretching of uronic ester groups, 
respectively, which are an indication of the presence of hemicellulose. The peaks 
characteristic of the absorption band of the aromatic rings from lignin appears 
around 1510 𝑐𝑚−1 and 1595 𝑐𝑚−1. A small band about 1460 𝑐𝑚−1 can also be 
observed for both samples and attributed to −𝐶𝐻3 deformation in lignin and 
hemicellulose. The weak peak observed at 925 𝑐𝑚−1 for A. africanus 
microfilaments could be associated to the adhesion properties detected for 
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A. africanus and not for O. thyrsoides microfilaments. In Figure 2. 5 b) The 
decrease of the bands corresponding to lignin and hemicellulose confirms that 
the chemical treatment promoted the delignification and the hemicellulose 
extraction of the A. africanus microfilaments (Oh et al. 2005, Pan et al. 2011).  
 
Figure 2. 6 – X-ray diffractograms of the microfilaments extracted from Agapanthus 
africanus leaves before and after alkalis treatment. The peaks indicate that the treatment allows 
the isolation of the cellulose skeleton. 
 
Structural characterization of the isolated microfilaments from A. africanus 
leaves, before and after alkali treatment, was accessed by X-ray diffraction 
(Figure 2. 6). The new peak that appears at ~23° associated to the peak existing 
at 26° reveals an increase of the crystallinity, which is consistent with the removal 
of the amorphous part and the presence of the cellulose skeleton formed by 
nanostructures (Hu et al. 2014). 
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Figure 2. 7 – Microfilament skeleton: A. africanus microfilaments after being treated with alkalis. 
Nanostructures parallel to the main axis of the tracheary microfilament as well as disordered 
nanostructures around the elbows can be observed.  
 
In Figure 2. 7, we can observe cellulose nanostructures aligned with the 
main axis of the microfilaments as well as clusters of misaligned cellulose 
nanostructures. Individual cellulose nanostructures, spike-like and platelets of 
elongated shapes, are observed in the SEM image. These observations are in 
accordance with the existence of disordered areas induced by stretching of the 
microfilaments from polygonal shaped helices (Figure 2. 2). Similar observations, 
by Atomic Force Microscopy, were described in literature but attributed to defects 
induced when the helical microfilaments with circular cross-section were removed 
from the leaves (Gray 2014). 
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The microfilaments extracted from leaves of both plants, A. africanus and 
O. thyrsoides, were thoroughly investigated by SEM (Figure 2. 8). Both 
microfilaments exhibit similar diameters, and elbows appear along the helical 
microfilaments when stretched. The surface morphology of the microfilaments 
isolated from A. africanus is characterized by the presence of nano-spherical 
particles, which gives the filament a rough appearance, as is possible to observe 
Figure 2. 8 a), marked by a yellow rectangle.  However, the microfilament 
isolated from O. thyrsoides presents a smoother outer surface, as it is possible 
to observe in Figure 2. 8 b).   
 
 
Figure 2. 8 – Tracheary microfilament morphology. Scanning Electron Microscopy image of 
the filaments extracted from the a) Agapanthus africanus and b) Ornithogalum thyrsoides leaves.  
 
Nematic droplet chains, dispersed along the microfilaments, were used to 
spot surface-imposed interactions and morphologies. The liquid crystal droplet 
chains were prepared according to similar protocols reported by Aguirre et al. 
(Aguirre et al. 2016), and as described in 2.2.The droplets were in a size range 
larger than the anchoring extrapolation length and small enough to be observed 
individually. 
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Figure 2. 9 – Tracheary microfilament morphologies revealed by nematic liquid crystal 
droplets. Necklace of nematic droplets suspended along an a) Agapanthus africanus and b) 
Ornithogalum thyrsoides microfilaments, seen by Polarized Optical Microscopy under crossed 
polarizers (I). Nematic droplet with homeotropic anchoring at the droplet-air surface under 
crossed polarizers (II), and under crossed polarizers with a lambda plate (III) image. Ellipsoidal 
fringes, typical of homeotropic anchoring on the microfilament surface, can be observed in the 
nematic droplets pierced in A. africanus tracheary microfilaments, while the defect ring around 
the microfilaments for droplets pierced in O. thyrsoides microfilaments enforces tangential 
anchoring along the microfilament’s axis. 
 
The droplets deposited on A. africanus microfilaments show ellipsoidal 
fringes under polarized light Figure 2. 9 a), while O. thyrsoides microfilaments 
induce the formation of a defect ring in the middle of the droplet Figure 2. 9 b). 
In order to extract more quantitative characteristics about the microfilament 
surface, the polarization microscopy analysis was compared with the simulated 
optical micrographs (Figure 2. 10). The molecular simulations were performed in 
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collaboration with Professor Slobodan Žumer from the University of Ljubljana, 
Slovenia. The study was based on numerical continuum modelling of nematic 
structures in droplets with perpendicular molecular orientation at outer interface 
and pierced by microfilaments with selected anchoring properties (de Gennes et 
al. 1993, Yoshida et al. 2015, Giomi et al. 2017) 
 
 
Figure 2. 10 – Numerical Modelling. Numerically simulated transmission micrographs under 
crossed polarizers (I), and under crossed polarizers with an additional lambda plate (II) for 
droplets pierced in a) Agapanthus africanus and b) Ornithogalum thyrsoides tracheary 
microfilaments, and respective simulated director profile in droplet suspended in the 
microfilament (III).   
 
With the orientational response of the nematic, the direct signature of the 
microfilament surface morphologies and interactions was determined (Fournier 
et al. 2005, Ravnik et al. 2009). For A. africanus microfilaments, the typical 
transmission micrographs with ellipsoidal fringes on both sides of the 
microfilament imply homeotropic (perpendicular) surface alignment 
(Figure 2. 10 a)). For surfaces rough on nanoscale, an effective weak 
perpendicular anchoring occurs independent from the details of molecular 
interactions. The O. thyrsoides microfilaments, which are smooth on nanoscale, 
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impose axial tangential surface anchoring, producing ring defects encircling the 
microfilaments (Figure 2. 10 b)). The ring is always perpendicular to the 
microfilaments, even when the droplet is not positioned symmetrically, i.e., the 
microfilaments are not pierced through the droplet centre. Simulations suggest 
that the position of the ring reflects the perpendicular anchoring strength at the 
droplet-air interface; the ring is in the middle of the droplet when the anchoring is 
strong, but for weaker anchoring, it may be offset toward the droplet edge. This 
indicates that in our experiments, the anchoring is indeed strong (Aguirre et al. 
2016).  
Additionally, the nematic droplets suspended on microfilaments collected 
from O. thyrsoides show a texture similar to droplets pierced on cellulose-based 
threads (Terentjev 2013, Aguirre et al. 2016), while images produced via 
dispersed nematic droplets on A. africanus microfilaments are similar to the 
images obtained on Araneidae mangora microfilaments (Aguirre et al. 2016). The 
liquid crystal droplets are good sensors for the combined effect of surface 
morphologies and interactions with the microenvironment. The SEM images 
helped to separate the two effects only partially. In addition, the IR spectra of both 
tracheary microfilaments are similar (Figure 2. 5), indicating that they have 
identical chemical composition and the difference in anchoring is mostly 
structurally induced.  
Mechanical removal, through sonication, of the outer surface, and further 
alkaline treatment, was used to expose the internal cellulose structure of the 
microfilaments, as described in 2.2. 
The smooth outer surface of O. thyrsoides microfilaments shown in 
Figure 2. 8 b) and Figure 2. 11 a) I) was mechanically removed, revealing a 
rougher surface morphology as observed by Scanning Electron Microscopy 
images (Figure 2. 11 b) I) and II)), which was also detected by the variation of 
the texture of the droplets pierced by the microfilaments (Figure 2. 11 a) I) and 
Figure 2. 11 b) III)). Further alkaline treatment allows the observation 
(Figure 2. 11 c) I) and II)) of the axially aligned cellulose structures (length 1.1 ±
0.2 𝜇𝑚 and diameters of 110 ± 12 𝑛𝑚) with similar size, shapes, and orientation 
as described previously in this section for A. africanus (Figure 2. 7). As 
mentioned before for A. africanus, the local misalignment of the nanostructures 
relative to the main axis of the microfilaments can be attributed to the stretching 
of the polygonal helical shapes. The nanostructures respond to the strain 
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developed at the stretched vertices of the polygonal helices (elbows) where the 
deformation from the equilibrium radius of curvature is the greatest.  
 
 
Figure 2. 11 – Ornithogalum thyrsoides microfilaments surface nanostructures. a) Pristine 
tracheary microfilament collected from O. thyrsoides leaf: I) Scanning Electron Microscopy (SEM) 
picture showing the smooth outer surface of the microfilament; II) Polarized Optical Microscopy 
(POM) image of a nematic droplet at the droplet-air surface under crossed polarizers with a 
lambda plate pierced by the microfilament. b) Tracheary microfilament after mechanical “peeling”: 
I) and II) SEM picture showing the microfilament without the smooth outer layer; III) POM image 
under crossed polarizers, of a nematic droplet pierced by rough microfilament after the initial 
peeling. Notice the development of ellipsoidal fringes, characteristic of homeotropic alignment 
near the microfilaments. C) microfilament after alkali treatment: I) and II) SEM picture showing 
nanostructures parallel to the main axis of the microfilament and nanostructures aligned 
perpendicular to it; III) POM image of a nematic droplet pierced in a chemically treated 
microfilament seen between crossed polarizers with a lambda plate.  
 
The orientation of the nanostructures on the surface of the peeled 
O. thyrsoides microfilaments can also be inferred by observing the liquid crystal 
droplet texture near the microfilament’s axis in transmission micrographs. After 
removing the external layers of the microfilament, dispersed droplets with 
homeotropic anchoring at the droplet-air surface display a similar texture for both 
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A. africanus and O. thyrsoides (Figure 2. 11 c) III)). This texture is completely 
different from the textures observed for the previous pierced nematic droplets in 
“dressed” microfilaments.  
 
 
Figure 2. 12 – Numerical modelling. a) Polarized Optical Microscopy (POM) image of a nematic 
droplet pierced in a chemically treated microfilament seen between crossed polarizers with a 
lambda plate. b) Numerically simulated transmission micrographs of a droplet pierced by a 
microfilament with random submicron-scale varying of surface anchoring as seen under crossed 
polarizers with an additional lambda plate. c) The simulated director profile and decreased 
nematic order surrounding such a microfilament.  
 
A good qualitative agreement with numerical modelling of droplets with 
patchy surface orientation varying from patch to patch on submicron scale, was 
obtained, as can be observed in Figure 2. 12. 
The pierced large droplets with homeotropic alignment at the liquid crystal-
air interface evolve from a ring defect, for microfilaments collected from 
O. thyrsoides (Figure 2. 9 b) III) and Figure 2. 11 a) II)), and ellipsoidal fringes, 
for A. africanus microfilaments (Figure 2. 9 a) III)), to a similar rapidly varying 
texture observed near the microfilaments’ main axis (Figure 2. 11 c) III)). This 
observation gives evidence of the variation of the nanostructure particle 
orientation from axial to out of plane and back, as is also possible to observe by 
SEM images (Figure 2. 11 c) I) and II)). By depositing droplets of similar sizes at 
different positions, relatively subtle variations in microfilament surface 
morphology are precisely sensed. 
The microfilaments of the leaves of both plants have similar cellulosic 
skeletons surrounded by layers with different morphologies, which were readily 
distinguished by the nematic droplets. The cellulose skeleton is the main 
constituent of the microfilaments, and as in composite materials, it determines 
the mechanical behaviour of the helices in the tracheary elements.  
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2.3.2. Mechanical properties of the microfilaments  
 
To establish a relation between structure at the microscale/nanoscale and 
the macroscopic properties, the mechanical behaviours of single filaments and 
bundles of tracheary microfilaments were investigated.  
The mechanical properties of fresh leaves stretched along the 
microfilament’s helical axis direction (Figure 2. 13) characterized by uniaxial 
stress-strain curves were measured, and a brittle behaviour was found.  
 
 
Figure 2. 13 – Extraction of the microfilament. Stretching of fresh leaves of Agapanthus 
africanus along the microfilament’s helical axis direction, here I) corresponds to the pristine leaf, 
II) leaf facture propagation and III) microfilament exposition after leaf breakage.  
 
Tensile tests were performed for A. africanus and O. thyrsoides leaves at 
room temperature as described in 2.2. 
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Figure 2. 14 – Agapanthus africanus and Ornithogalum thyrsoides leaves tensile essays. 
Typical stress-strain uniaxial curves of a) A. africanus and b) O. thyrsoides leaves. Measurements 
made parallel to the direction of the tracheary orientation at a strain rate of 𝟓 𝒎𝒎/𝒎𝒊𝒏. The insets 
in a) and b) show the two portions of a leaf between clamps with several microfilamentary bundles, 
after the tensile mechanical essay. I) corresponds to the pristine leaf, II) leaf facture propagation, 
and III) microfilament exposition after leaf breakage. 
 
The leaves are brittle with a Young’s modulus of 8.1 ± 0.1 𝑀𝑃𝑎 and a strain 
at break of 0.218 ± 0.001, for A. africanus leaves and a Young’s modulus of  
0.41 ± 0.01 𝑀𝑃𝑎 and a strain at break of 0.49 ± 0.01, for O. thyrsoides leaves. In 
literature, similar tensile curves were reported for other types of leaves (Read et 
al. 2003, Onoda et al. 2011). After breaking of leaves, their tracheary elements, 
xylem vessels, are exposed, and their tightly wound microfilament helices start to 
unwind (Figure 2. 13 II). The extraction and stretching of microfilament structures 
lead to the entanglement of nearby helices arising from the same bundle of xylem 
vessels. In between, the two parts of the broken leaf the bundle of xylem vessels 
in thus transformed in a bundle of entangled microfilaments that are increasingly 
unwounded and stretched with the rising strain. During the leaf stress-strain 
measurement, the process leads to a nonzero plateau regime, which has greater 
magnitude for A. africanus than for O. thyrsoides leaves (Figure 2. 14). 
The microfilaments were carefully isolated, and for assessing the surface 
mechanical properties of a single microfilament, Atomic Force Microscopy 
indentation was used as a less destructive method, as described in 2.2 (Dokukin 





Table 2. 1– Atomic force microscopy nano indentation values of the elastic modulus and 
adhesion for isolated microfilaments extracted from Agapanthus africanus and Ornithogalum 
thyrsoides leaves.  
     
 
Elastic modulus (𝑀𝑃𝑎) Adhesion (µ𝑁) 
A. africanus O. thyrsoides A. africanus O. thyrsoides 
Average 0.74 0.50 0.27 0.02 
Std. deviation 0.09 0.16 0.05 0.02 
3rd Quartile 0.80 0.60 0.30 0.03 
Median 0.76 0.50 0.20 0.02 
1st Quartile 0.67 0.35 0.23 0.01 
 
The elastic modulus of the surface layer of single helical microfilament 
isolated from A. africanus is slightly higher than for O. thyrsoides. On the other 
hand, the A. africanus microfilaments appears to be stiffer. The greatest 
difference was found in the adhesion values; A. africanus microfilaments 
presented a much higher value than those of O. thyrsoides. The values obtained 
indicate that the layers covering the cellulosic skeleton on the microfilaments 
determine their interaction with the AFM tip. The smooth layer surrounding the 
microfilaments of O. thyrsoides grants greater flexibility and less resistance to 
indentation, while the outer rough layer of the A. africanus microfilaments has a 
higher affinity to cling to the tip of the AFM probe (Figure 2. 8). Indentation by 
AFM was also performed to access the mechanical properties of different leaves, 
and also adhesion was found to vary enormously depending on the material 
coating (Burton et al. 2006). 
Uniaxial tensile curves were obtained as described in 2.2, for bundles 
extracted from A. africanus and O. thyrsoides. The stress/strain curves for 
uniaxial tensile tests at a strain rate of 0.5 𝑚𝑚 𝑚𝑖𝑛⁄  were obtained. The curves 
represent a typical result for an average of six bundles of A. africanus and 
O. thyrsoides, with diameters ranging from 65 to 140 𝜇𝑚.  
When the heterogenous bundles, formed not only by the microfilaments but 
also by other constituents, such as water and nutrients, are put under tensile load, 
the bundles break separately. After the break of one bundle the stress suddenly 
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drops. The remaining bundles acquire the tension load, and the stress restarts to 
increase until the breaking of another bundle, as indicated by the black arrows in 
Figure 2. 15 a). 
 
 
Figure 2. 15 – Tensile properties of Agapanthus africanus microfilaments. a) Typical stress-
strain uniaxial curves of A. africanus bundles of microfilaments. b) Zoom of curve a) for small 
values strain. The tensile stain rate was 𝟎. 𝟓 𝒎𝒎/𝒎𝒊𝒏. c) Detail showing the bundles fixed 
between two clamps before the mechanical tensile tests. Initial length was 𝒍𝟎 = 𝟔. 𝟓 𝒎𝒎. The 
black arrows indicate the maximum stress of two consecutive breaking of bundles.  
 
The stress-strain curve for A. africanus bundles (Figure 2. 15 a) and b)), 
shows an elastic behaviour, which allows the estimation of a Young’s modulus of 
order of 𝐸𝑏𝐴 = 0.70 ± 0.05 𝑀𝑃𝑎 that is not a well-defined quantity as packing of 
the microfilaments in the bundle is not tight and also depends on tension 
(Figure 2. 15 c)). Knowing the number of constituting microfilaments and their 
cross-section, and recognizing that the active cross-section is of about 1,000 
times smaller, the Young’s modulus of a single microfilament can be roughly 
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estimated, being of order of 𝐸𝑓𝐴 = 750 ± 50 𝑀𝑃𝑎. The calculations were 
performed taking in consideration that each bundle (with an initial diameter of the 
order 100 𝜇𝑚) is formed, on average by six microfilaments (estimated by SEM 
and POM photos) with average diameter of 2 𝜇𝑚. After the steep stress/strain 
linear dependence, a slightly lower slope of linear behaviour was observed, 
reaching its maximum stress at rupture around 0.53 𝑀𝑃𝑎. The maximum jump of 
all measured steps is a good estimation for the single bundle rupture strength. A 
small jump means that the remaining nonbroken bundles are still under tension. 
Therefore, the rupture strength of a single bundle would be of the order of 
0.2 𝑀𝑃𝑎 and consequently of ~200 𝑀𝑃𝑎 for microfilaments.  
 
 
Figure 2. 16 – Tensile properties of Ornithogalum thyrsoides. a) Typical stress-strain uniaxial 
curves of O. thyrsoides bundles of microfilaments. b) Zoom of curve a) for small values strain. 
Stain rate was 𝟎. 𝟓 𝒎𝒎/𝒎𝒊𝒏. c) Detail showing the bundles fixed between two clamps before the 
mechanical tensile tests. Initial length was 𝒍𝟎 = 𝟔.𝟓 𝒎𝒎. 
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The shape of the stress/strain curves obtained for O. thyrsoides bundles 
(Figure 2. 16 a) and b)) contrast with the shape of the curves obtained for A. 
africanus. The O. thyrsoides tensile tests show that initially small increases in 
stress give large deformations (Figure 2. 16 b)). However, at larger strains the 
material becomes stiffer, and the curve is convex (superlinear). The diverse 
mechanical behaviour observed for the extraction plateau values (Figure 2. 14) 
for the stretched bundles of A. africanus (Figure 2. 15 c)) and O. thyrsoides 
(Figure 2. 16 c)) is due to the rough and smooth microfilament nanostructures 
differences, which were evidenced by AFM and liquid crystal droplets.   
 
 
Figure 2. 17 – Microfilaments bundles: a) Agapanthus africanus and b) Ornithogalum 
thyrsoides I) Polarized Optical Microscopy pictures between crossed polarizers and a lambda 
plate near the edge of the leaf when the microfilaments were pulled out and II) Scanning Electron 
Microscopy pictures of suspended, stretched bundles.  
 
The significantly low values of stress for low strains found for O. thyrsoides 
bundles are attributed to the existence of a soft material that was mainly on 
O. thyrsoides bundles (Figure 2. 17 and Figure 2. 14). In case of small 
deformations, the O. thyrsoides bundles behave as a lightly cross-linked rubber 
until the helical microfilaments get together to form the bundles.  
The Young’s modulus of O. thyrsoides bundles and microfilaments, using 
the procedure previously referred to A. africanus, estimated from the second part 
of the linear curve presented in Figure 2. 16 a), were 𝐸𝑏𝑂 = 0.20 ± 0.02 𝑀𝑃𝑎  and 
 
120 
𝐸𝑓𝑂 = 125 ± 10 𝑀𝑃𝑎, respectively. As observed for A. africanus bundles, 
following these stress/strain linear dependences, others were observed with a 
decreasing slope. The maximum stress rupture was calculated and is of the order 
of 0.15 𝑀𝑃𝑎. The rupture strength of a single bundle is estimated, according to 
the assumptions previously described, to be of the order of 0.05 𝑀𝑃𝑎 and 
consequently of ~30 𝑀𝑃𝑎 for microfilaments.  
The values of the Young’s modulus measured for O. thyrsoides bundles are 
much smaller than the values found for A. africanus bundles, which can be 
partially attributed to the much larger adhesion values found for A. africanus 
microfilaments, obtained by AFM. Taking in consideration that the skeletons of 
the microfilaments are very similar, as observed by SEM (Figure 2. 7 and 
Figure 2. 11 c)), the differences observed between the strength of the bundles, 
from A. africanus and O. thyrsoides, are mainly due to the surface morphology of 
each plant’s individual microfilaments. The microfilaments from O. thyrsoides are 
smoother and thus allow their sliding resulting in lower Young’s modulus of the 
bundles, compared with the mechanical properties of the bundles collected from 
A. africanus microfilaments, which have a rough surface. 
The values for the Young’s modulus of the microfilaments measured by 
indentation are much smaller (~1,000 times) compared with the tensile 
measurements. The same trend was reported in the literature for other soft 
biological systems (McKee et al. 2011).  The difference in the values of the 
Young’s modulus between the two experimental techniques confirms the 
inhomogeneity of the microfilaments.  
While the stress/strain experiments consider the mechanical properties of 
the cellulose skeleton and the interaction of the filaments, the AFM results 
concern the mechanical characteristics of the outer surface of the microfilaments. 
In fact, the outer surface of the microfilaments, which is soft and sticky, is found 
to be crucial for the interactions of the microfilaments bundles and is precisely 








It is known that the surface morphology plays a crucial role on microfilament 
properties meaning diverse mechanical properties on natural and bioinspired 
man-made textiles. A simple method of observing nematic liquid crystal droplets 
threaded by microfilaments, already used for determining their different surface 
morphologies, was also used in this work for tracheary microfilament. The helical 
microfilaments, with identical diameter, chemical constitution, and internal 
cellulose skeleton were collected form two different plants, Agapanthus africanus 
and Ornithogalum thyrsoides. SEM images, and textures observed for pierced 
nematic droplets were the evidence that A. africanus microfilaments presented a 
rough outer surface, while the outer surface of O. thyrsoides microfilaments were 
smooth.  
Peeling the microfilaments and changing their outer surface morphologies 
allowed testing the sensitivity of the nematic droplets to their surface 
morphologies. A similar skeleton composed mainly by cellulose nanostructures 
was found for microfilaments for both plants. Simple polarization micrographs, 
supported with numerical modelling imaging, specific textures of the liquid crystal 
droplets were associated with different surface morphologies of the 
microfilaments.  
While the leaves from A. africanus and O. thyrsoides presented a brittle 
behaviour, their bundle and microfilament mechanical behaviour was quite 
different. The presence of different morphologies on the outer surfaces of the 
microfilaments was found responsible for the observed mechanical responses. 
The huge difference found in the mechanical properties for the bundles of the two 
plants are qualitatively understood. The microfilaments sliding, one against the 
other, which occurs in case of smooth interfaces, for O. thyrsoides 
microfilaments, allows their break one after the other, yielding much lower 
strength. It is important to notice that, for both plants, the microfilaments present 
skeletons practically identical. All these reasonable explanations need to be 
tested in future studies.  
POM and SEM images evidenced the existence of tracheary polygon 
helices obtained from stretched microfilaments. When a helically winded 
cellulosic fibre forms a tube, as the xylem vessel, it would be mechanically 
stronger if it would have a circular cross-section without sharp bends. This tube 
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with a circular cross-section would also have the best surface to volume ratio 
optimal for fluidic transport properties. However, packing together several tubes 
in a solid structure (bundle) and providing stability to the leave, requires complete 
filling of the space without a soft material between. These requirements are 
fulfilled with polygonal cross-section tubes, and hexagonal cross-section is the 
closest to the optimal, circular, for a single tube. 
This work gave insights about the microfilaments’ surface morphologies and 
their interactions with the environment. New routes to correlate their structural 
properties with their mechanical response have been addressed, but not enough 
to be conclusive about the transport properties. The efficiency of the upward 
transport of the xylem sap should not only be dependent on the internal surface 
to volume ratio of the vessels but is also affected by the interactions with the 
surface of the microfilaments. A different study would have to conducted to study 
the extent of this influence in different plant species. 
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Chapter 3: Responsive Hierarchical 
Cellulose-Based Anisotropic Structures 
  Adapted from: “Almeida, A. P. C., L. Querciagrossa, P. E. S. Silva, F. Gonçalves, J. P. 
Canejo, P. L. Almeida, M. H. Godinho and C. Zannoni (2019). Reversible water driven chirality 
inversion in cellulose-based helices isolated from Erodium awns. Soft Matter 15(13): 
2838-2847. https://doi.org/10.1039/C8SM02290A” 




In this chapter, the isolation and characterization of cellulosic networks 
existing in dead tissues of Erodium awns are reported. Helical ribbons, capable 
to change shape from right- to left-handed helices in the presence of moisture, 
were isolated from Erodium awns. This conformational change was investigated 
and followed by computational simulations in collaboration with Professor Claudio 
Zannoni, from the Università di Bologna, Bologna, Italy. The asymmetric 
arrangement of cellulosic fibres along the ribbons allows the material to be 
stimuli-responsive. The ribbons are sustainable materials that seem suitable for 
a diverse range of applications, such as the production of intelligent textiles and 
environmental friendly micro components. In this chapter, a simple and efficient 
strategy to isolate and tune cellulose-based hygroscopic responsive materials 
from plant dead tissues is reported. The humidity-driven motion of dead tissues 





imprinted by the plant at the nanoscale, which reinforces a soft wall 
polysaccharide matrix.  
The cellulose anisotropic encoded structures remain active even in the dead 
Erodium awns (Gan et al. 2017, Zhao et al. 2017c, Almeida et al. 2018). These 
cellulose structures are involved in the dispersion of seeds in Erodium from the 
Geraniaceae family, with over 60 different widely distributed invasive species 
(Figure 3. 1 a)). The fruit of Erodium has five seeds and each one is appended 
to a humid awn. The awns and seeds are attached to a central dry taut stem 
(Figure 3. 1 b)). When the fruit dries, the wet awns contract, relatively to the 
central dry stem, and are slung in the air (Aharoni et al. 2012).  
 
 
Figure 3. 1 – Photo of Erodium from the Geraniaceae family collected from the gardens in 
Caparica region, Portugal: a) Erodium plant presenting pink flowers, b) immature fruits with 
seeds and awns, c) dried seeds and awns attached to the central column d) dried awn, presenting 
a right-handed helix and seed.   
 
After leaving the plant the movements of the awns are well described in 
literature for Erodium plants (Evangelista et al. 2011). The awn presents a 
straight configuration in the wet state, and forms a right-handed helix (R) in the 
dry state (Figure 3. 1 c)) (Aharoni et al. 2012, Jung et al. 2014). Therefore, 
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changes in humidity and consequent coiling and uncoiling of the awns result in 
rotation and subsequent self-burial of the seeds. This conversion from one state 
to the other allows the seeds to penetrate the soil like a corkscrew (Figure 3. 1 
c) and d)) (Jung et al. 2014). Different models, that describe the behaviour of 
awns, refer the existence of aligned cellulose fibrils at different angles surrounded 
by other constituents, that present distinct behaviours of water binding and 
swelling (Abraham et al. 2012, Zhao et al. 2017a). For example, Zhao et al. (Zhao 
et al. 2017a) attributed the coiling movement of the awns from Pelargonium 
peltatum to the anisotropic shrinkage of its inner cell wall, controlled by the 
structure of the stiff cellulose fibre skeleton, that is embedded in the hygroscopic 
matrix. The different shapes of the awns are attributed to an isotropic composite 
material formed by cell wall polysaccharides matrices, that swell in water, and the 
helical arrangement of cellulose nano/microfibres (Abraham et al. 2012, Aharoni 
et al. 2012, Abraham et al. 2013). The outer R helix surface of the dry awn is 
covered with long “hairs”, in contrast with the inner smooth surface. The  
curvature of the awn varies along its length; while the tail does not coil, the 
intermediary region, between the seed and the tail, behaves as the active portion 
of the awn. 
In this chapter, light is shed on the process that leads to the change from R 
to L coiling of Erodium awns. The active part of the awn was isolated and 
investigate by different means, including nuclear magnetic resonance and 
computer simulations. The possibility to change on demand, the right and left-
handedness of moisture responsive cellulose-based helices opens the way to the 
development of novel materials. Tunning their mobility may fulfil the requirements 
for potential uses that can range from intelligent materials for dye collection to 
bioinspired micro-robots. 
 
3.2. Experimental details 
 
Erodium awns were collected, fresh from the gardens in the Caparica region 
near the Faculty of Science and Technology, NOVA University of Lisbon, 
Portugal (Figure 3. 1). The awns were left to dry, at room temperature, and 
afterwards were stored in a desiccator. A Cannon EOS 450D camera equipped 
with a 60 𝑚𝑚 micro-lens was used to take colour pictures under solar and artificial 
lights. The images of the abrupt dispersal of seeds from the fruits were acquired 
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using an Olympus i-Speed LT high-speed video camera, operated at 500 frames 
per second.  
Sodium hydroxide (𝑁𝑎𝑂𝐻) solutions were used to soak the awns and to 
treat them chemically in time. Then the awns were further modified in order to 
isolate the active part according to similar procedures described in literature (Zhu 
et al. 2016) in paper pulping to remove lignin from wood. The chemicals used to 
isolate the active materials and to remove lignin were 𝑁𝑎𝑂𝐻 (> 98 %, Sigma-
Aldrich), sodium sulphite (𝑁𝑎2𝑆𝑂3, > 98 %, Sigma-Aldrich), and hydrogen 
peroxide (𝐻2𝑂2, 30 % solution, EMD Millipore Corporation). The awns were stirred 
in aqueous solution with 𝑁𝑎𝑂𝐻 (2.5 𝑚𝑜𝑙 𝐿⁄ ) and 𝑁𝑎2𝑆𝑂3 (2.5 𝑚𝑜𝑙 𝐿⁄ ), at 60 °𝐶, 
for 3ℎ, to dissolve part of the lignin content. After this step the treated awns were 
washed several times with water. The remaining lignin was removed by using 
𝐻2𝑂2 (0.4  𝑚𝑜𝑙 𝐿⁄ ) until the initial brown awns became colourless. The samples 
were then washed several times with water to remove the excess of chemicals. 
Finally, the obtained white left-handed helical ribbons were stored in ethanol 
(99 %, BDH Chemicals) at room temperature.  
Commercial food dyes were used to colour the responsive ribbons. To 
prepare the mesoporous silica, dry ribbons were used. The ribbons were 
immersed for 6h in an aqueous solution (2: 1) of tetramethyl orthosilicate (TMOS, 
𝑆𝑖(𝑂𝑀𝑒)4, 98 %, Sigma-Aldrich), at 60 ℃, under continuous stirring. Afterwards, 
the ribbons were removed from the mixture and kept at room temperature to slow 
drying. The calcination strep was performed by heating the dried ribbons at a rate 
of 100 ℃ ℎ−1 to 250 ℃ for 2 hours and then by increasing the temperature to 
560 ℃ at 100 ℃ ℎ−1 for 6 hours followed by cooling at room temperature.  
The Magnetic Resonance Imaging (MRI) data was acquired using a vertical 
wide bore 7.05T Bruker 300 𝑀𝐻𝑧 AVANCE III solid-state NMR spectrometer. The 
imaging probe contains 60 𝐴 gradient coils, able to develop a gradient strength 
of 1500 𝑚𝑇 𝑚−1. The images were obtained in an MRI Micro 2.5 Bruker probe 
with a 5 𝑚𝑚 diameter birdcage coil where the complete immature fruit was 
introduced. The gradient echo method used to obtain axial 2D images was a 
multi-slice-multi-spin-echo (MSME) sequence (slices: 40, echoes: 2, 
averages: 16, TE = 12.7 𝑚𝑠, TR = 2620 𝑚𝑠, matrix: 256 × 256, pixel 
size: 29 × 29 𝜇𝑚2, slice thickness: 0.75 𝑚𝑚). Each measurement took about 3 h. 
For the 3D reconstruction, the gradient echo method used for obtaining sagittal 
images was the mic spinecho 3D Bruker sequence (𝑠𝑙𝑖𝑐𝑒: 1, 𝑒𝑐ℎ𝑜: 1, 𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑠:  2, 
TE = 20.0 𝑚𝑠, TR = 400 𝑚𝑠, matrix: 256 ×  256, pixel size: 79 × 79 𝜇𝑚2). Each 
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3D measurement took about 15h. After acquisition, a 3D movie was generated 
using Bruker Paravision’s maximum intensity projection (MIP)1.  
The morphologies of the Erodium awns (isolated ribbons and mesoporous 
silica materials) were observed with a scanning electron microscope CrossBeam 
Workstation (SEM-FIB) – Zeiss Auriga. The samples were dried, broken by hand, 
and mounted on metal holders and a thin carbon layer (< 20 𝑛𝑚) was deposited 
by using a Q150T ES Quorum sputter coater. The SEM images under the in-lens 
mode were obtained with an acceleration voltage of 2 𝑘𝑉 and an aperture size of 
30 𝜇𝑚. 
The infrared (IR) spectra of the Erodium awns before and after the chemical 
treatment were acquired. An Attenuated Total Reflectance (ATR) sampling 
accessory (Smart iTR) equipped with a single bounce diamond crystal on a 
Thermo Nicolet 6700 Spectrometer was used. The acquisition of spectra was 
carried out with a 45 ° incidence angle in the range of [4000 − 525] 𝑐𝑚−1 and a 
4 𝑐𝑚−1 resolution.  
The structural characterization of the Erodium awns and treated ribbons 
was performed with a X’Pert PRO (PANalytical) X-ray diffractometer (XRD). The 
measurements were performed using 𝐶𝑢 𝐾𝛼 radiation in the range 2𝜃 = 5° − 50°. 
The birefringent wet ribbons were observed under polarized optical 
microscope (POM) Olympus BX51, in transmission mode, coupled to a CCD 
DP73. A heating stage (Mettler FP90), coupled to the microscope, was used to 
control the temperature. 
The winding behaviour of Erodium seeds was modelled using the molecular 
dynamics simulator LAMMPS (Large-scale Atomic/Molecular Massively Parallel 
Simulator) (Plimpton 1995, Brown et al. 2011). The active part of Erodium was 
modelled as a set of beads arranged in a simple cubic lattice with the initial length 
𝐿 = 200𝜎, width 𝑤 = 4𝜎  and ℎ = 3𝜎 (Lennard-Jones units) (Brown et al. 2012). 
Beads were bonded by harmonic potentials to their first and second neighbours, 
𝑉𝑎,𝑏 = 𝑘ℎ 2(𝑙 − 𝑙0,𝑛)⁄ , where 𝑘ℎ is the elastic constant, 𝑙 is the distance between 
beads 𝑎 and 𝑏 and 𝑙0,𝑛 is the equilibrium bond distances (𝑙0,1 = 1𝜎 for first 
 
 
1 Movie available at Almeida, A. P. C., L. Querciagrossa, P. E. S. Silva, F. Gonçalves, J. P. 
Canejo, P. L. Almeida, M. H. Godinho and C. Zannoni (2019c). Reversible water driven chirality 
inversion in cellulose-based helices isolated from Erodium awns. Soft Matter 15(13): 2838-2847. 
in the Supplementary files (https://doi.org/10.1039/C8SM02290A). 
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neighbours and 𝑙0,2 = √2𝜎 for second neighbours). An asymmetric displacement 
was produced by linearly changing the equilibrium bond distance of the second 
neighbours from √2𝜎 to (√2 ± 1 2⁄ )𝜎 (positive for expansion and negative for 
contraction). Also, bonds were only modified in one side of the filament and in a 
specific direction. Simulations were deterministic and integration of the equations 
of motion used a NVE integrator (Verlet/Leap-frog method) to update the beads’ 
positions and velocities in each time step (step size of 1 × 10−3𝜏). 
To estimate the chirality index versus time a coloured point was marked on 
the straight part of the Erodium awns. For each assay, two movies were recorded 
simultaneously from orthogonal directions, so that the 3D movement could be 
evaluated. A Python code program was written, where the movies were opened 
and converted into frames, and then the 2D coordinates of the marked point and 
the tip of the awn were recorded. By running the Python program for both 
orthogonal movies, the 3D coordinates of the two points versus time could be 
extracted. Using the 3D coordinates of the two points (the red marked point and 
the tip of the awn) a unitary vector described by the application point, and its 




3.3. Results and discussion 
 
The coiling of the awns is a consequence of not only the structure of the 
fibres but also of their interactions (Abraham et al. 2012). In order to isolate and 
study the morphology of the cellulose skeletons existing in plants, several authors 
used alkali solutions associated with other chemicals. These solutions are 
normally used to dissolve lignin and some hemicellulose compounds, while 
preserving the cellulosic structures (Cuissinat et al. 2006, Gray 2014, Hagman et 
al. 2017, Ilyas et al. 2017). After swelling the awns in an alkali solution, according 
to the procedure described in 3.2, the awn in the wet state presents a left-handed 
(L) helix and returns to an right-handed (R) helix when it dries, as shown in 
Figure 3. 2. The L (wet) structure, contrary to the R (dry) helix of the awn, shows 
long hairs at the inner surface of the helix. This behaviour was recently also 
reported in literature, for awns collected from Erodium gruinum (Abraham et al. 
2018).  
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Figure 3. 2 – Chirality inversion in Erodium awns after alkali treatment: a) front and top view 
of right-handed (dry) awn, and b) front and top view of left-handed (wet) awn. The white arrows 
indicate the sense of rotation. Long hairs are denoted by orange arrows and observed outside of 
the dry awn and inside of the wet awn.  
 
The use of chemicals to treat dead tissues of Erodium awns allows 
macroscopically the reversal of their chirality as shown for the wet treated awn in 
Figure 3. 2. In literature there were identified two main layers in the awn 
cross-section: an inner layer near to the inside surface of the R helix and an outer 
layer facing the R helix’s outside surface. The inner layer is formed by several 
fibre cells, mainly constituted by cellulosic materials, packed together parallel to 
each other, and aligned along the main axis of the awn (Zhao et al. 2017a). These 
microstructures were recently reported to be responsible for the intrinsic 
curvature and torsion of the awns (Abraham et al. 2018).  
Even if the chirality inversion is qualitatively apparent, it is useful to have a 
quantitative indicator measuring its extent, e.g., to determine its onset in time and 
its location. Several different metrics have been proposed in literature to quantify 
the chirality of molecules or more generally of objects of certain shapes (Buda et 
al. 1992, Osipov et al. 1995, Neal et al. 2003, Dryzun et al. 2011).  
 
130 
All the work related to the numerical modelling of the Erodium awns and 
ribbons was performed in collaboration with Professor Claudio Zannoni, from the 
Università di Bologna, Bologna, Italy. 
 In this work an absolute pseudoscalar chirality indicator, 𝐺𝑎 , derived from 
the object geometrical shape (Osipov et al. 1995, Dryzun et al. 2011) and that 
have been previously applied to small molecules (Berardi et al. 2005), to establish 
the appearance of specific  motifs of proteins (Pietropaolo et al. 2008), and to 
quantify the chirality induced by certain ligands bond to gold nanoparticles was 
used (Nemati et al. 2018). In practice, we label a set of positions along the 
filament considering four connected sites 𝑖, 𝑗, 𝑘 and 𝑙 at positions 𝑟𝑖, 𝑟𝑗, 𝑟𝑘 and 𝑟𝑙 











        if 𝑟𝑖𝑗, 𝑟𝑗𝑘 , 𝑟𝑘𝑙 , 𝑟𝑖𝑙 < 𝑟𝑐  and 
                                                                 𝑖 < 𝑗 < 𝑘 < 𝑙 ∈ [𝑎, 𝑁𝑎 + 𝑎 − 1]
0                                                                                               otherwise
𝑃
 
Eq. 3. 1 
 
 
where 𝒓𝑖𝑗, 𝒓𝑗𝑘, 𝒓𝑘𝑙 and 𝒓𝑖𝑙 are separation vectors between the positions and the 
sum runs over all the 𝑃 permutations of the indices 𝑖, 𝑗, 𝑘, and 𝑙. The value 𝑁𝑎 is 
chosen to be 15, as in (Pietropaolo et al. 2008), and a cut-off distance (𝑟𝑐) is set 
to 12 length unts. The value for 𝐺𝑎 is zero for a straight filament and changes 
sign as the winding changes from R to L or vice versa. This chirality indicator was 
applied in two ways. First, 𝐺𝑎 was calculated for a filament at a certain time for 
assigning it an overall chirality index (Figure 3. 3). 
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Figure 3. 3 – Chirality indicator, 𝑮𝒂 for Erodium awn movements: a) analysis of the shape of 
the elastic model filament investigated with LAMMPS (Large-scale Atomic/Molecular Massively 
Parallel Simulator) shows that during the compression stage, when the awn curls and adopts a R 
helical shape, the chirality index 𝑮𝒂 assumes positives values. As the modified bonds start to 
expand and the structure reverses the coiling, 𝑮𝒂 decreases, reaching a minimum with the 
opposite sign.  
 
 Applying this repeatedly for successive snapshots gives an idea of the 
overall chirality over time. From this is possible to see that a swift change of sign 
in chirality occurs at certain time, corresponding to that of more qualitative visual 
inspection. It is also possible to notice that the quantitative chirality indicator 
reports similar absolute values before and after the switch. In the second way the 
same expression for 𝐺𝑎 was employed for the time evolution of chirality at a given 
location, considering four positions as subsequent in time, rather than in space. 
This local time evolution approach was used to describe that the chirality remains 





Figure 3. 4 – Internal structure of the fruit of Erodium seen by Magnetic Resonance Imaging 
(MRI). a) complete immature fruits with seeds and awns. The doted lines indicate the part from 
which the MRI slices, shown in c) were taken. b) MRI image of one of the sagittal slices from 
which the MRI 3D reconstruction of the fruit was performed. c) Sequence of MRI 2D images 
obtained for axial slices. In the cross-section five hydrated ribbon like awns slightly twisted around 
a dried central column can be observed.  
 
Magnetic Resonance Imaging was used to obtain the images, as 
described in 3.2, of sections along the Erodium fruit as shown in Figure 3. 4 a). 
In the MRI images, the black colour indicates that the tissues with less water (or 
more constrained) are present in the sample (Figure 3. 4 b)). It is possible to 
observe a central black spot in the cross-section of the MRI slices 
(Figure 3. 4 c)), which goes from the bottom to the top of the fruit. This is an 
indication that the awns, which the seeds are attached, are supported by a 
common rigid, non-hydrated stem. Contrasting with the central column the seeds 
and the long awns are hydrated. The long awns are wrapped around the central 
column by turning slightly to the left and then to the right, going from the seed to 
the top the awn. This observation was also confirmed by the MRI 3D 
reconstruction of the fruit (Almeida et al. 2019c). The movie of the MRI 3D 
reconstruction is available at (Almeida et al. 2019c) in the supplementary files 
(https://doi.org/10.1039/C8SM02290A). 
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Figure 3. 5 – Images of the abrupt dispersal of Erodium seeds from the fruits acquired 
high-speed video camera, operated at 500 frames per second. It is possible to observe the initial 
separation of the seed attached to the awn and the seed and awn trajectory after separation from 
the fruit. 
  
The central part remains taut and the awns contract upon losing water. The 
accumulated tension promotes the projection of the dispersal units, leaving a dry 
rigid central column, as shown by the images acquired from the high-speed video 
camera presented in Figure 3. 5. The shape of the dry awns is more complex 
than a regular helix. It is possible to observe two main parts: the central twisted 
and coiled region, adjacent to the seed, and the tail with lower coiling as shown 
in Figure 3. 6. Scanning Electron Microscopy (SEM) images reveal that the tail 
cross-section is uniform (Figure 3. 6 a)), while the coiled region exhibits a very 
heterogeneous cross-section with different regions (Figure 3. 6 b)). The layered 
structure of the coiled region was already reported in the awns of several Erodium 
species, such as Pelargonium peltatum, Geranium reflexum, Geranium 
dolomiticum (Abraham et al. 2013).   
 
 
Figure 3. 6 – Dry Erodium awn with seed where two main parts are observed: the tail and 
the coiling region marked with a) and b), respectively. Scanning Electron Microscopy picture with 




3.3.1. Chirality inversion 
 
The movement of the awns is well described in literature for Erodium plants, 
as referred previously. The snapshots presented in Figure 3. 7 a), confirm that, 
when the Erodium awn is immersed in a container with water, it uncoils from a 
right-handed helix to a straight shape. And it is also possible to observe that if the 
wetted awn is dried in a controlled atmosphere and temperature (𝑇 = 60 ℃) it 
returns to a right-handed helix conformation.  
The treatment of the awns with 𝑁𝑎𝑂𝐻, as described in 3.2, promotes the 
existence of an left-handed helix in the wet state, which is converted to an right-
handed helix when the awn is dried Figure 3. 7 b). It is also possible to observe 
the returning of the long hairs to the outer surface of the helix, as shown in 
Figure 3. 7 b) III. The movie of the hydration of an awn in an alkali water solution 
(5 𝑤𝑡 %) is available at (Almeida et al. 2019c) in the Supplementary files 
(https://doi.org/10.1039/C8SM02290A).   
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Figure 3. 7 – Reversible hygroscopic Erodium awns movements and chirality inversion. 
a) The awn is dipped in a container with water and uncoils from an anticlockwise helix to a straight 
shape (Wet state: I = 𝟏 𝒔; II = 𝟖𝟒 𝒔; III = 𝟏𝟗𝟕 𝒔; IV = 𝟐𝟗𝟖 𝒔). If the awn is dried in a controlled 
atmosphere and temperature environment (𝑻 = 𝟔𝟎 ℃), returns to a right helix (Dry state: I = 𝟔 𝒔; 
II = 𝟑𝟖 𝒔; III = 𝟒𝟒 𝒔; IV = 𝟏𝟐𝟗 𝒔). b) reversible chirality in water after sodium hydroxide treatment 
is observed. If the dried awn is dipped in a container with water; it uncoils from a right to left helix 
(Wet state: I = 𝟕 𝒔; II = 𝟐𝟔𝟎 𝒔; III = 𝟔𝟎𝟏 𝒔). The awn uncoils from the left to right helix while drying 
in a controlled atmosphere and temperature environment (𝑻 =  𝟔𝟎 ℃) (Dry state: I = 𝟏𝟓 𝒔; II 
= 𝟒𝟑 𝒔; III = 𝟐𝟏𝟕 𝒔). 
 
 Chirality inversion observed for Erodium awns treated with different 
concentrations of 𝑁𝑎𝑂𝐻, and the time evolution of the pitch of the left-handed 




Figure 3. 8 – Tunning the pitch of Erodium swollen left-handed helices. The number of loops 
of the helical awns increases with the sodium hydroxide (𝑵𝒂𝑶𝑯) concentration in solution and 
time.   
 
The Erodium awns swollen in sodium hydroxide, present a left-handed helix 
and an increasing number of turns with increasing concentration, for a range 
concentration from 1 to 5 %𝑤 𝑤⁄ . It is possible to observe that for soaking times 
higher than 120 𝑚𝑖𝑛, the number of turns presented by the left-handed awn is the 
same for the different concentrations of 𝑁𝑎𝑂𝐻 tested.  
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Figure 3. 9 – Swollen left-handed helices. Photograph of the Erodium awns swollen, for the 
same time (𝟑𝟎 𝒎𝒊𝒏), in sodium hydroxide (𝑵𝒂𝑶𝑯) with different concentrations.  
 
Erodium awns were soaked for 30 𝑚𝑖𝑛 in sodium hydroxide with higher 
concentrations (Figure 3. 9). When the awns were immersed in sodium 
hydroxide 12.5%𝑤 𝑤⁄   for 30 𝑚𝑖𝑛 the left-handed awn acquires a more coiled 
conformation and presents a higher number of turns in the central region when 
compared with the previous study. If 𝑁𝑎𝑂𝐻 concentration is 25%𝑤 𝑤⁄  it is 
possible to observe not also the coiled conformation of the central region but also 
the coiling of the tail, maybe due to the removal of the structure that maintained 
its stiffness.  
Two sets of data have been analysed, with the local time evolution 
approach: one single point position, marked in the upper part of the Erodium awn 
(red dot in wet state in Figure 3. 7), called the application point, and its 
orientation, defined as the unitary vector, obtained as explained in 3.2. The 
chirality index has been determined for both these items during the length of the 
experiment. In the case of the application point (Figure 3. 10 a)), the value of 𝐺𝑎 
(chirality indicator) at the beginning shows small fluctuations, while, once the 
chirality changes take place, its behaviour becomes unstable. The onset of this 
chirality inversion is even clearer if the index is computed on the unitary vector 
(Figure 3. 10 b)), resulting in a fluctuation located at the exact time, which 




Figure 3. 10 – Chirality index versus time trends have been computed both on a) the application 
point and b) on the unitary vector. In c) a snapshot of the movie built from a position, described 
by the application point, and its orientation, as in the unitary vector, colour-coded using chirality 
index values (computed on the unitary vector), is reported: a chirality change is shown during 
hydration and dehydration of the awn. 
 
Using the Open Visualization Tool – OVITO, a movie representing the 
change in the 𝐺𝑎 value has been created using an ellipsoid to represent the 
position (application point) and orientation (unitary vector) of the marked point. 
These ellipsoids have been coloured according to their chirality values: 
Figure 3. 10 c) presents a snapshot of the unitary vector 𝐺𝑎 value, locating the 
inversion point in time and space. These results describe the chirality inversion 
observed experimentally in Figure 3. 7.   
 
3.3.2. Isolation of hygroscopic responsive ribbons 
 
In order to understand the chirality inversion observed in the treated 
Erodium awns, active ribbons were isolated. The awns were chemically treated, 
to extract the materials involved in the hygroscopic movements, according to the 
procedure presented in Figure 3. 11 and described in 3.2. After the first step of 
the chemical treatment with sodium hydroxide (𝑁𝑎𝑂𝐻), the initial brown awns 
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become light yellowish, indicating that some of the lignin was removed (Figure 
3. 11 a) and b)). After further chemical treatment with a mixture of sodium 
hydroxide and sodium sulphite (𝑁𝑎2𝑆𝑂3) and then with hydrogen peroxide (𝐻2𝑂2) 
active ribbons were isolated. In the dry state the active ribbons are white and 
present a right-handed helicity, as shown in Figure 3. 11 c). 
 
 
Figure 3. 11 – Right- and left-handed helices isolated from Erodium awns. Dry state: a) right-
handed pristine awns and b) after immersed in sodium hydroxide solution (𝑵𝒂𝑶𝑯); c) further 
chemical treatment with sodium hydroxide and sodium sulphite (𝑵𝒂𝟐𝑺𝑶𝟑) and hydrogen peroxide 
(𝑯𝟐𝑶𝟐) allowed the isolation of right-handed active ribbons.  Wet state: d) taut erodium awn; 
e) left-handed helices after the chemical treatment with 𝑵𝒂𝑶𝑯 and f) left-handed active ribbons 
obtained after further treatment with 𝑵𝒂𝑶𝑯, 𝑵𝒂𝟐𝑺𝑶𝟑 and 𝑯𝟐𝑶𝟐. 
 
In the wet state, the after 𝑁𝑎𝑂𝐻 treatment the Erodium awn shows a left-
handed helix (Figure 3. 11 e)), as previously mentioned. Figure 3. 11 f) shows 
the active ribbon obtained after further chemical treatment, with a left-handed 
helicity possible, which contrasts with the taut shape of a pristine Erodium awn. 
The movements associated with ribbon hydration were recorded and several 
snapshots are shown in Figure 3. 12. It is possible to observe that the ribbon 
changes shape from a right- to left-handed helix through the formation of an 
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untwisted segment. The twist and bending of the ribbon observed in a few 
minutes is not uniform along the ribbon. The left-handed helix appears after the 
formation of the segment, which remains in the same place along the ribbon, 
while the right-handed helix untwists. The white opaque ribbon changes to a 
transparent as it swells in water. The red dot marked in the outer surface of the 
dried ribbon can be observed through the hydrated ribbon (14 𝑠) and positioned 
in the inner surface as it swells in water (e.g., 24 𝑠, 28 𝑠 and 8 𝑠 and 60 𝑠) This 




Figure 3. 12 – Hydration of freely-standing fibres with intrinsic curvature and torsion. The 
sequence of images illustrates the hydration of a cellulose-based ribbon in water. The active 
ribbon changes shape in water from a right-handed (R) to left-handed (L) helix through the 
formation of an untwisted segment. While the R helix is twisted, the L helix is bent and twisted. 
The transparency of the ribbon also changes as it swells in water. 
 
The treated Erodium active ribbons were further analysed with infrared (IR) 
and X-ray diffraction (XRD) spectroscopy techniques. Regarding the infrared 
spectra (Figure 3. 13 a)) the peak around 1740 𝑐𝑚−1 is characteristic of the 𝐶 =
𝑂 stretching of the acetyl and uronic ester groups of the hemicellulose or linkage 
of the carboxylic groups of ferulic and p-coumaric acids of lignin and/or xylan in 
hemicellulose (Asghar et al. 2015, Ilyas et al. 2017). This peak was only observed 
in the spectra of the pristine Erodium awns, indicating that the chemical treatment 
is able to remove a great percentage of the hemicellulose from the awn.  
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Figure 3. 13 – Spectroscopic and diffraction data of active ribbons. a) Infrared spectra of 
pristine Erodium awns (black), and ribbons after chemical treatment for 𝟑 𝒉 (red) and 𝟔 𝒉 (blue). 
b) X-ray diffractograms spectra of pristine Erodium awns (black), and ribbons after chemical 
treatment for 𝟑 𝒉 (red) and 𝟔 𝒉 (blue). 
 
Cellulose characteristic peaks around 3400 𝑐𝑚−1, 2900 𝑐𝑚−1 and 
1060 𝑐𝑚−1 due to 𝑂 −𝐻, 𝐶 − 𝐻 and 𝐶 − 𝑂 stretching vibrations are present in all 
samples. The intensities of these peaks increase with chemical treatment time 
(Gaspar et al. 2014, Asghar et al. 2015, Cheng et al. 2016). In the ribbons IR 
spectra, a peak around 1640 𝑐𝑚−1 can be observed, which is characteristic of the 
𝑂 − 𝐻 bending vibration of absorbed water in cellulose (Asghar et al. 2015, 
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Cheng et al. 2016). This peak can also be attributed to the presence of cellulose 
and hemicellulose because it not present in lignin spectra according to Cheng et 
al. (Cheng et al. 2016). Aromatic skeletal vibrations of lignin and lignocellulosic 
functional groups correspond to the peak observed around 1520 𝑐𝑚−1. Lignin 
characteristic peaks at around 1500 𝑐𝑚−1, 1300 𝑐𝑚−1 and 1220 𝑐𝑚−1 that 
correspond to the aromatic skeleton vibration of the 𝐶 − 𝑂 stretching of the 
guaiacyl unit, the vibration of the syringyl ring and the 𝐶 − 𝑂 stretching, 
respectively, are also present in all samples (Gaspar et al. 2014, Cheng et al. 
2016).  
X-ray diffractograms main qualitative features indicate the presence of 
peaks characteristic of native cellulose (Abraham et al. 2012, Zhao et al. 2017a) 
(Figure 3. 13 b)) at 2𝜃 = 14.7°, 16.8° and 22.7° in treated ribbons and pristine 
Erodium awns. These results confirm that the cellulose-based skeleton was still 
present after treating the awns with sodium hydroxide and sodium sulphite 
followed by immersion in hydrogen peroxide (Ilyas et al. 2017, Zhao et al. 2017b).  
These results indicate that the chemical treatment, which allowed the 
isolation of the active structure (ribbon) of the awn, without compromising its 
response to moisture, was effective. This treatment allowed the preservation of 
the cellulose-based skeleton reinforced by a polysaccharide matrix and lignin still 
present in the structure of the ribbon. 
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Figure 3. 14 – Photographs of isolated responsive ribbons: a) wet left-handed transparent 
ribbon (left image), and dried ribbon showing an inner and an outer layer separation (right image). 
b) Polarized Optical Microscopy (POM) image of the ribbon (right-handed) between crossed 
polarizers. c) Dry ribbon after chemical treatment and swelling in a pink dye were inner (pink 
ribbon) and outer layers (whitish) can be isolated 
 
The active ribbons stored in ethanol were left-handed, transparent, and 
birefringent. These characteristics are retained for at least 2 years for the ribbons 
stored immersed in ethanol. The transparency of wet ribbons can be explained 
by the matching of the liquid medium and cellulose refractive indices. When 
removed from ethanol, the ribbons quickly dry, and change their shape from left- 
to right-handed helices Figure 3. 14 a) and b). In the dry state the ribbon presents 
a separation of layers, as denoted by the circle in Figure 3. 14 a). Moreover, it is 
possible to isolate the inner and active (pink ribbon) and outer (whitish) layers as 
shown in Figure 3. 14 c). Considering this material for potential applications, it is 




Figure 3. 15 – Scanning Electron Microscopy pictures of the inner isolated responsive 
right-handed ribbons showing a) tubular structures, b) tube surface with wrinkles at the surface 
and c) details of the nano structure showing nano fibrils.  
 
The observation of the dehydrated ribbons by Scanning Electron 
Microscopy revealed that they are formed by a group of fibre cells forming a right-
handed helical structure, as shown in Figure 3. 15 a). Each fibre cell besides 
showing a series of micro-holes (Figure 3. 15 b)), is mainly composed of 
cellulose, as can be seen in the X-ray diffractograms presented previously 
(Figure 3. 13 b)) and kept together by hemicellulose and other polysaccharide 
constituents confirmed by the IR spectra (Figure 3. 13 a)). The orientation of the 
cellulose nanofibres in Figure 3. 15 c), seems to be tilted compared with the main 
axis of the fibre cells, as described in literature (Abraham et al. 2012, Aharoni et 
al. 2012). The active ribbons robustness was tested using them as an R helix 
template to fabricate mesoporous silica solid materials. After the sol-gel process 
and calcination, as described in 3.2, right-handed helices are observed for both 
dehydrated and hydrated states. The microstructure of the fibre cells, observed 
in the active part of the initial isolated awns, was preserved in the mesoporous 
material Figure 3. 16 a) and b).  
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Figure 3. 16 – Fabrication of mesoporous silica solid materials. a) right-handed (dry) 
mesoporous glass material obtained after treatment with tetramethyl orthosilicate (TMOS) and 
calcination of the active ribbon. b) Scanning Electron Microscopy pictures of the structures 
preserved in the right-handed (dry) mesoporous glass material after treatment with TMOS and 
calcination. c) right-handed imprinted helical structure after calcination preserved in water and d) 
Polarized Optical Microscopy pictures of the structures preserved in water, under crossed 
polarizers with a lambda plate.  
 
While the response to water was prevented in the solid material, its 
transparency and birefringence are preserved after immersion in water 
(Figure 3. 16 c)). The anisotropy present in the ribbon templates was preserved 
in the mesoporous structures (Figure 3. 16 d)). Shopsowitz et al. also reported 
ordering in free-standing mesoporous silica films obtained from cellulose-based 
templates with anisotropy (Shopsowitz et al. 2010). The chemical treatment 
modified the physical properties of the fibre cells responsible for the movement 
in the awns and ribbons, but the coiling mechanism was preserved. However, 
after drying, the fibre cells in the pristine awn and after treatment, show distinctive 
features in their shape, as can be seen in the Figure 3. 17. Instead of a sewing 
thread-like and circular fibre cells as observed in Figure 3. 17 a) and well 
described in literature (Abraham et al. 2012), the treated fibre cells display 
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wrinkles along the tangential axis and have sinuous-like cross-sections 
(Figure 3. 17 b)).  
 
 
Figure 3. 17 – Cellulose-based fibre cells. Scanning Electron Microscopy pictures of the fibre 
cells, a) before and b) after treatment, isolated from the inner layer of the Erodium awns. 
c) Polarized Optical Microscopy (POM) picture in transmission mode, between crossed 
polarizers, of an active wet ribbon, showing periodicity (𝟏. 𝟓 𝝁𝒎 to 𝟐 𝝁𝒎) running parallel to the 
main axis of the fibre cells and d) POM picture of the wet (L helix) ribbon, between crossed 
polarizers showing the two birefringent transparent layers.  
 
 The presence of wrinkles perpendicular to the main axis of a swelled 
cylinder, formed by an inner hard core and an outer soft shell, is likely to appear 
due to shrinkage perpendicular to the main axis of the fibre cell (Zhao et al. 2014). 
The wave-length and orientation of the wrinkles depend on the stress applied to 
the main axis of the cylinder and the mechanical characteristics of both the core 
and shell (Tang et al. 2015).The deformation of the cross-section is presumably 
due to the deformation in the radial direction of the fibre cell (Le et al. 2017). The 
presence of wrinkled surfaces in the fibre cells that form our ribbons is related to 
high volume strain when the ribbon is wet due to the chemical treatment, which 
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allows the ribbons to swell more than the initial Erodium awns. The swelling ratio 
between the treated ribbons and the pristine awn in water is 2.2. Another reason 
for wrinkle formation concerns the preferential chemical attack used that 
essentially occurs at the outer surfaces of the fibre cells, preserving their main 
interior structure and favours the formation of an outer shell with different 
mechanical properties. By close observation of the POM picture taken between 
crossed polarizers (Figure 3. 14 b) and Figure 3. 17 c) and d)) the walls of the 
fibre cells appear to be modulated by a periodicity that runs parallel to the fibre 
cells’ main axis, formed by an inclined intricate network of cellulosic 
nanofilaments. From these observations, we can infer that the helicity of the fibre 
cells arises from the difference in the mechanical properties between their 
external and internal layers associated with the asymmetric contraction and 
expansion of the nanofibre network. Considering these observations, we can 
assume that the intrinsic curvature and torsion of the ribbons arise from the 
pristine tilted arrangement of the cellulosic fibres, which is preserved in the fibre 
cells, and the cooperative large asymmetric expansion and contraction when 
hydrated and dehydrated, respectively.  
 The chemical attack modified the physical properties of the cellulose 
network but did not destroyed the sewing thread-like structure of the fibre cells at 
the nanoscale, preserving their tilted structure mentioned in literature (Abraham 
et al. 2012).  Taking in consideration these observations, it is possible to assume 
that the curvature and torsion of the ribbons arise from the pristine tilted 
arrangement of the cellulosic fibres in the active fibre cells. The inversion of the 
helix handedness, at the macroscale, is associated with the stretching of the tilted 
cellulosic fibre network in diagonal directions. This is achieved because the 
cellulose network is now more permeable to water as a consequence of the 
chemical treatment. The structure imprinted by the plant is always ruling the 
process with the difference that fibre cells can further expand and contract, in 





Figure 3. 18 – Hydration of freely-standing fibres with intrinsic curvature and torsion. The 
sequence of photographs illustrates the hydration of the inner part of the cellulose-based active 
ribbon in water. After treatment, the inner part of the ribbon changes shape in water going from a 
right-handed (R) to a left-handed (L) helix through the formation of an untwisted segment. While 
the R helix is twisted the L helix is bent and twisted. The transparency of the active ribbon also 
changes as it swells in water.  
 
The movements associated with the inner part of the fibre hydration were 
recorded, the movie is available at (Almeida et al. 2019c) in the Supplementary 
files (https://doi.org/10.1039/C8SM02290A) being shown in Figure 3. 18 several 
snapshots. The inner part of the ribbon changes shape from a right- to a 
left-handed helix through the formation of an untwisted segment, in a few 
minutes, proving that the twist and bending of the ribbon is not uniform along the 
ribbon. The left-handed helix appears after the formation of the untwisted 
segment, which remains in the same place along the ribbon, while the right-
handed helix untwists. Moreover, the transparency of the ribbon changes as it 
swells in water as expected due to the matching of the refractive indices. This 
indicates that the isolated inner part of the ribbons is responsible for the coiling 
movement in the pristine Erodium awn.  
 
3.3.3. Reversing handedness 
 
The inversion of handedness and which side of the awn stays in the inner 
or outer region of the helical shape was assessed using molecular dynamics 
simulations. An equivalent rod that upon contraction and expansion, is under the 
effect of forces tilted with respect to the axial direction, is considered as shown in 
Figure 3. 19.  
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Figure 3. 19 – Reversing handedness. a) Molecular dynamics simulations of the evolution of 
the shape of an elastic filament with intrinsic curvature and torsion upon drying (right- handed 
helix) and swelling (left-handed helix). b) Array of beads used in simulations. Elastic filaments 
were modelled as beads arranged in a simple cubic lattice and bonded to firsts and second 
neighbours. Asymmetry along the filament was generated by modifying the equilibrium bond 
distances of specific second neighbours as illustrated with red cylinders. Simulations describe 
qualitatively well the hygroscopic movements of the cellulose-based ribbons. 
 
The equilibrium bond distances in one side of the rod, emphasized with a 
thicker line, are decreased, or increased to generate compression and 
expansion, respectively. During the compression cycle, corresponding to the 
drying of the awns, the rod curls and adopts a right-handed helical shape with 
increasing curvature and torsion. The compressing region, depicted with colour 
ranging from green to red, remains in the inner region of the helix. Afterwards, 
when the modified bonds expand, the structure starts to unwind and then, after 
reaching the initial point, starts to curl with the opposite handedness 
(Figure 3. 3 a)). The shift of the handedness is also followed by a change on 
which side the expanding region appears. Instead, the expanding region, 
depicted with colours ranging from green to blue, now appears in the outer region 
of the helix. This model gives a simple, yet effective, explanation to why treated 
awns with higher swelling capacity invert their handedness and, also, swap the 
side of the location of the awns’ hairs. Moreover, this explanation it’s not only 






This chapter describes the isolation of active ribbons from Erodium awns 
that preserve their hygroscopic moisture movements. The helical ribbons show 
reversible inversion of chirality from hydrated to dehydrated states. The chemical 
treatments used allowed the isolation of the active part of the awns. Right-handed 
helices appeared for dry and wet ribbons, while left-handed helices only 
appeared for wet ribbons. Molecular simulations confirmed the inversion of 
chirality, also quantified, and followed with a suitable geometrical indicator. Fibre 
cells existing along the isolated ribbons are responsible for the observed 
behaviour. The fibre cells consist of stiff cellulose nanofibres wrapped inclined 
along their main axis embedded in a soft matrix. The dry fibre cells in the active 
ribbon present an outer wrinkled surface not evident for the fibre cells present in 
the initial Erodium awns. Simulations were used to describe qualitatively the 
dynamics of the ribbons and the hygroscopic chirality inversion observed. The 
existence of an elastic filament with intrinsic curvature and torsion was 
considered due to the chemical treatment and an imprinted tilted cellulose fibre 
network at the nanoscale.  
In summary, with this work it was possible to isolate, chemically modify, use 
as a template, and characterize a cellulose-based skeleton present in Erodium 
awns that can reversibly stimulate a change in chirality with a variation in 
hydration. The results obtained in the work opens a novel direction of application 
for cellulosic responsive materials isolated from Erodium awns. 
 
 
3.5. Cellulosic materials for dye collection 
 
Preliminary experiments, to investigate the capability of the isolated 
cellulosic responsive materials from Erodium awns in dye collection and 
recovery, were performed. Efficient methods for water and wastewater treatment 
are of great interest. A well-known cationic dye, widely used in the textile dyeing 
and printing industries, crystal violet was selected as model (Baghdadi et al. 
2016). Adsorption process is one of the most efficient and successfully method 
that has been employed for dye removal due to its simplicity, facile scaling-up, 
ease of operation, high efficiency without releasing any by-product to the 
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environment and the possibility of recovering the adsorbent as well as availability 
of a wide range of adsorbents (Yagub et al. 2014).  
Several nanomaterial-based adsorbents have been developed for dye 
removal from wastewaters, such as graphene oxide (Gao et al. 2015), carbon 
nanotubes (Gupta et al. 2017), and functionalized nanoparticles (Mahmoodi et al. 
2011). High adsorption capacity as result of small particle size and subsequently 
high surface area, are very important features of these adsorbents. However, 
there is great concern regarding adverse effects of nanoparticles on the 
environment and humans, which limits their application in water and waste-water 
treatment (Elsaesser et al. 2012). 
Cellulosic responsive ribbons (≈ 10.5𝑔) were immersed in an aqueous 
solution of crystal violet (6 × 10−5 𝑚𝑜𝑙 𝐿−1) for 50 minutes. The quantification of 
the dye that remains in solution was performed through UV-Vis spectroscopy 
(UV/VIS T90 PG Instruments Ltd. spectrometer). 
 
 
Figure 3. 20 – Dye collection. Crystal violet concentration after cellulosic responsive ribbon 
immersion over time.  
 
It is possible to observe that the cellulosic ribbons can collect the dye, and 
that their maximum capability of collection is approximately at 30 minutes of 
immersion (Figure 3. 20) since the concentration of the dye in the solution 
remains constant after that period of time. To continue to collect the dye it would 
be necessary to add more ribbons to the solution.   
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To infer the possibility to clean and reuse the active ribbons for several 
cycles of dye collection, wet and dry ribbons after impregnation with crystal violet, 
were immersed in acetone, ethanol, and water (Figure 3. 21). The impregnated 
cellulosic ribbon (wet or dry) does not release the crystal violet, when immersed 
in water, but when immersed in acetone it is possible to observe a leakage of the 
dye, although the ribbon still remains stained. On the other hand, the dye 
impregnated cellulosic active ribbon shows the ability to be cleaned when 
immersed in ethanol and is able to be reused for at least 25 cycles of dye 
collection and cleaning.  
 
 
Figure 3. 21 – Cleaning and reuse of the cellulosic active ribbons. Wet and dry cellulosic 
active ribbons isolated from Erodium awns, after impregnation with crystal violet immersed in 
acetone, ethanol, and water. 
 
The changing in the handedness of the cellulosic active ribbon implies the 
continuous and irreversible collection of dye molecules. The collected molecules 
remain inside of the cellulosic structure in water (left-handed helix) and also when 
the structure dries (right-handed helix). If a dry ribbon (R-handed helix) is 
immersed in ethanol or acetone, the conformation remains, and the molecules 
stay retained in the cellulosic structure. However, if the impregnated cellulosic 
active ribbon remains wet (L-handed helix) and is immersed in ethanol or 
acetone, the left -handed helix remains, and the dye is released. 
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Figure 3. 22 – Morphology of the cellulose active ribbon after dye collection. Scanning 
Electron Microscopy images of the a) cellulosic active ribbon before and b) after impregnation 
with crystal violet (dye).  
 
The surface of the impregnated cellulosic active ribbon observed by 
Scanning Electron Microscopy (Figure 3. 22) presents a significant difference on 
the morphology when compared with the isolated ribbon from the Erodium awn. 
The inner microtubules of the ribbon are stuffed with the dye after water removal 
and as consequence the ribbon’s surface is less wrinkled. 
In order to determine if the cellulosic active ribbon would have ability to 
collect nanoparticles, the isolated Erodium ribbons were immersed in an aqueous 
suspension of cellulose nanocrystals (2 %𝑤 𝑤⁄ ). 
 
 
Figure 3. 23 – Morphology of the cellulose active ribbon after nanoparticles collection.  
Atomic force microscopy images for the surface of the a) cellulosic active ribbon before and 






The surface images obtained by atomic force microscopy (Figure 3. 23) 
show an increment in the roughness when the cellulosic active ribbon isolated 
from the Erodium awn is impregnated with CNC, which indicates that this material 
is also suitable for nanoparticle collection.  
The results obtained in this preliminary study are a good indicator for future 
applicability of this new cellulosic active material isolated from Erodium awns for 
the collection of molecules or nanoparticles. However, further studies will have to 
be conducted to evaluate the molecule/nanoparticle collection efficiency, 
molecule/nanoparticle-recovery efficiency, cleaning, and durability of this 
materials in this new application.  
 
 
3.6. 4D printing of cellulose-based hydro-responsive 
materials 
 
The ability to print a 4D material that mimics the structure and behaviour of 
the Erodium awns, was investigated and a preliminary study was performed. The 
possibility to design and print nanocellulose and/or cellulose-based materials 
from concentrated solutions (paste) according to their potential application is of 
great interest. 3D printing of cellulose based structures was performed with a 
thick paste 3D printer (ZMorph Vx) using cellulose nanocrystals dispersed in 
water as ink. Different compositions of the cellulosic inks were tested and 
coloured with a food dye only to help observation during layer deposition in the 
3D printing process (Figure 3. 24). Several parameters of the printing procedure 
were adjusted, such as layer height, path width, travel speed, print speed, 
retraction amount, retraction height and chamber temperature, and structures 
with at least 6 layers (0.06 𝑚𝑚) were produced.  
 
Chapter 3: Responsive Hierarchical Cellulose-Based Anisotropic Structures 
155 
 
Figure 3. 24 – 3D printing of cellulosic materials. 3D printing of cellulose-based structures 
using as ink cellulose nanocrystals (CNC) dispersed in water.  
 
The main goal is to be able to print an anisotropic material with induced fibril 
alignment, that will lead to anisotropic stiffness and differential swelling promoting 
the folding and unfolding of the printed material. Paste composition, printability 
and material properties are parameters that have to be accessed in future work 
in order to achieve a printed responsive cellulosic material that mimics the 






Chapter 4: All Cellulose Membranes for Microdroplet Collection 
157 
Chapter 4: All Cellulose Membranes for 
Microdroplet Collection  
  Adapted from: ”Almeida, A. P. C., J. Oliveira, S. N. Fernandes, M. H. Godinho and J. P. 
Canejo (2020). All-cellulose composite membranes for oil microdroplet collection. Cellulose 
27(8): 4665-4677. Doi: https://doi.org/10.1007/s10570-020-03077-x”. 




In this chapter, the application of a non-woven, all-cellulosic composite 
membrane for separation of a water/oil suspension, is presented. The concept of 
this new composite all-cellulosic material relies on the underwater oleophilic 
character of heat-treated cellulose nanocrystals (CNC) supported by an 
oleophobic flexible cellulose acetate (CA) membrane. The annealed CNCs 
(aCNCs) are responsible not only for the oleophilic underwater character, but also 
for the formation of a stable underwater network, while the non-woven CA 
membrane provides mechanical support to the aCNCs. The CA membrane also 
confers flexibility to the material, to ensure that it is robust enough to resist 
handling and offshore operation conditions. The non-woven composite 
membrane produced in this work combines the properties of biocompatibility, 
biodegradability, and recycling. Membranes that are typically used for oil/water 
separation can be hydrophobic or hydrophilic. The cellulosic membranes 
prepared in this work, when under water, present oleophilic spots with oil 





responsible for the low resistance offered to the flow of water traveling through 
the membrane. This characteristic allows the treatment of a high volume of the 
water/oil mixture by unit of time, a very important property for scaling-up the 
system. 
Different types of industries require abundant volumes of oil to satisfy the 
needs of the consumers worldwide. Every day large amounts of oil are 
transported by sea from one continent to another. The possibility of oil spills into 
the ocean waters, with a direct impact on the marine life that will negatively affect 
the entire food chain and the global ecosystem, is enormous.  
Therefore, the recovery of spilled oil from the water is of great interest and 
different methods to separate oil from sea water, such as, among others, gravity 
separation (Yoon et al. 2014, Ma et al. 2016), flotation (Xu et al. 2015), skimming 
(Ju et al. 2015), coagulation (Suzuki et al. 2005) and oil-sorbent materials (Ge et 
al. 2016, Ma et al. 2016) are already available. These techniques present several 
limitations, namely the use of complex separation steps (Yoon et al. 2014), the 
need of high energy inputs, and the potential to generate undesirable secondary 
pollutants (Padaki et al. 2015). For example, some dispersants contain 
nonylphenol ethoxylates that can originate compounds with endocrine-disrupting 
properties (Barron 2012).  
The collection of dispersed micrometric droplets of oil after an oil-spill 
accident is one of the most important limitations that conventional oil-recovering 
techniques present (Kota et al. 2012). These droplets form emulsions with water, 
affecting the environment and representing an important source of pollution. As 
such, research on new methods to remove microdroplets of oil from water in a 
more efficient and sustainable way has been conducted by multiple groups in the 
past decade (Chen et al. 2009, Field 2012, Kota et al. 2012, Kwon et al. 2012, Li 
et al. 2013, Zhan et al. 2018a, Zhan et al. 2018b). Despite these efforts, after an 
oil spill in the water the removal of micrometre-sized oil droplets remains a 
challenge.  
Cellulose acetate membranes obtained, for example, by solvent casting 
solution (Haddada et al. 2004), electrospinning (Tian et al. 2011) and wet-
spinning (Chou et al. 2005) have been used for water filtration and cleaning for 
many years. Cellulose acetate membranes are extremely versatile as a filtration 
component and can be used for example, in blood filtration (Ye et al. 2002, Ye et 
al. 2003) or oil/water separation (Chen et al. 2009). The affinity between oil and 
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carbon-based materials was investigated and cellulosic materials have been 
used to remove oil from water (Liu et al. 2013, Meng et al. 2015). 
 
4.2. Experimental details 
 
Electrospinning, a well-studied technique to produce micro/nano fibres was 
used to obtain non-woven membranes from a solution of cellulose acetate (?̅?𝑤 =
50,000 with a degree of substitution of 2.7), with a concentration of 12%𝑤 𝑤⁄   in 
acetone and dimethylacetamide, in a proportion of 66.7%𝑤 𝑤⁄  and 33.4 %𝑤 𝑤⁄ , 
respectively. The solution was poured into a 1 𝑚𝐿 syringe fitted with a 21 − 𝑔𝑎𝑢𝑔𝑒 
needle. During fibre production, the flow of the polymeric solution inside the 
needle was 0.2 𝑚𝐿 𝑚𝑖𝑛⁄ , the distance between the needle and the target was 
12 𝑐𝑚 and the applied voltage 20 𝑘𝑉. The electrospinning process was carried 
out until the membrane thickness was between 400 and 500 𝜇𝑚. Residual traces 
of solvents present in the non-woven membrane were removed by keeping the 
membranes in vacuum overnight, at room temperature (~23 ℃). 
Cellulose nanocrystals (CNCs) were obtained from cellulose 
microcrystalline derived from cotton (MCC-Avicel PH® 101), by sulphuric acid 
hydrolysis based on the method described by Revol et al. (Revol et al. 1992, 
Cranston et al. 2006) with minor adaptations (Gaspar et al. 2014). CMC (5 𝑔) was 
hydrolyzed with sulphuric acid with an acid/solid ratio of 8.5: 1 at 45 ℃ for 130 𝑚𝑖𝑛 
under vigorous stirring. The reaction was quenched with tenfold of ultrapure 
water. Ultrapure water was obtained with a Mili-Q Elix Advantage 3 System 
(Millipore). The excess of acid was removed by successive dilution and 
centrifugation with ultrapure water until the supernatant was turbid and the 
suspension presents 𝑝𝐻 in the range 1.5 − 3.9. The content of CNCs suspension 
was increased by subsequent centrifugation at 14 500 𝑟𝑝𝑚 for 40 𝑚𝑖𝑛. The 
suspension solid content of approximately 11 %𝑤 𝑤⁄  was determined 
gravimetrically from the average of 7 samples. The average crystal dimensions 
(length and width) were determined by Scanning Electron Microscopy (SEM) 
images, using a Carl Zeiss Auriga crossbeam (SEM-FIB) workstation instrument 
equipped with an Oxford energy dispersive X-ray spectrometer. 10 𝜇𝐿 droplets of 
0.01 %𝑤 𝑤⁄  CNC suspension were deposited onto silica substrates and allowed 
to dry at room temperature. The samples were coated with a thin 𝐴𝑢 film using a 
Q150T ES Quorum sputter coater. The nanoparticles visible in the SEM images 
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were measured with ImageJ (version 1.45s, https://imagej.nih.gov.ij/) and scaled 
according to the magnification quoted by the microscope software. A minimum of 
100 measurements for each dimension was determined.  
A layer of CNC was stamped on the surfaces of the electrospun membranes 
using the Screenprinting technique. Screenprinting is a simple and inexpensive 
method to print 2D-patterns on a large range of substrates (Krebs et al. 2009) 
and is suitable for resolutions as low as a few microns. A concentrated aqueous 
suspension of CNC particles (11 %𝑤 𝑤⁄ ) was spread onto the surface of a screen 
with the desired pattern and transferred to the CA membrane by moving a rubber 
squeegee across the screen, forcing the CNC particles to pass through the mesh. 
The screen used has a mesh count of 207 𝑐𝑚−1, an aperture of 81 𝜇𝑚, a wire 
diameter of 55 𝜇𝑚 and an open surface of 30 % with a theoretical volume of 
26.6 𝑐𝑚3 𝑚2⁄ .  
 
 
Figure 4. 1 – Schematic of the structure of the all-cellulose composite membranes. The 
surface of the non-woven electrospun membrane is coated, using screenprinting technique, with 
an a) dotted or b) gridded CNCs pattern. 
 
Two different screenprinted patterns were used to decorate the non-woven 
CA membranes with the CNC particles; a dotted pattern with dot diameter of 
200 𝜇𝑚 and 500 𝜇𝑚  of spacing between dots and a gridded pattern with stripes 
of 200 𝜇𝑚 wide, spaced by 1000 𝜇𝑚 (Figure 4. 1). After CNC deposition, the 
composite membranes were annealed in a pre-heated oven at 150 ℃ for 20 𝑚𝑖𝑛, 
without an inert atmosphere. The annealed CNCs will be designated as aCNC. 
The Screenprinting process was performed only in one side of the CA 
electrospun membrane. The average membrane thickness of 500 𝜇𝑚 was 
estimated from 10 measurements obtained from different membrane areas using 
a Mitutoyo digital micrometre.  
The infrared (IR) spectra, before and after annealing, were acquired. An 
attenuated total reflectance (ATR) sampling accessory (Smart iTR) equipped with 
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a single bounce diamond crystal on a Thermo Nicolet 6700 Spectrometer was 
used. The spectra acquisition was made with an 45° incident angle in the range 
of 4000− 525 𝑐𝑚−1 resolution. 
For X-ray photoelectron spectroscopy, a Katos Axis Supra was used with a 
monochromatic Al Kalpha source (1486.6 𝑒𝑉). All detailed spectra were recorded 
at a pass energy of 20 𝑒𝑉. The infiltrated membranes were measured at an X-ray 
power of 375 𝑊 with a 110 micron aperture. The particles and the membrane 
were measured at 225 𝑊 without aperture. CasaXPS was used for data analysis.  
Photographs of the composite membranes were obtained using a Casio 
Exilim EX-F1 camera. To characterize the membrane morphology before and 
after being exposed to the heat-treatment Scanning Electron Microscopy images 
were obtained, with a Carl Zeiss equipment described above. The membranes 
were previously coated with 𝐴𝑢 𝑃𝑑⁄  conductive film to avoid charge effects. In 
order to determine the thickness of the layer of CNC particles deposited by the 
screenprinting technique, observations of the cross-section of the membrane, 
after annealing, were performed using SEM. To ensure that a fragile fracture was 
obtained, the membrane was dipped in liquid nitrogen prior to breaking using two 
tweezers.  
The influence of the layer of a CNC particles on the mechanical properties 
of the electrospun membrane was assessed by using uniaxial tensile testing. 
These tests were carried out using a tensile testing machine from Rheometric 
Scientific (Minimat Firmware 3.1) and at least five samples for each pattern were 
performed. A 20 𝑁 load cell was used, and tests were performed with a speed of 
2𝑚𝑚 𝑚𝑖𝑛⁄ . The composite CA membranes were cut with 30 𝑚𝑚 length and 
10 𝑚𝑚 width. For the gridded annealed CNC composite membrane, the force 
was applied along the one of the directionof the screenprinted stripes.  
To evaluate the composite membrane affinity to micro-oily droplets, air and 
under water contact angle measurements were performed using an OCA15 
contact angle measuring instrument (DataPhysics Instruments GmbH, 
Filderstadt, Germany). Probe liquid micro droplets (volume ≈ 5 𝜇𝐿) were 
generated with an electronic micrometric syringe and deposited on the sample 
surface. During these measurements, a droplet of the probe liquid was placed on 
the surface. A sequence of images was obtained with the system video camera 
and recorded during 1800 𝑠 at a rate of 2 frames per second, starting from the 
moment of drop deposition. The contact angle was determined at the moment of 
the drop deposition and settlement (𝑡 = 0 𝑠) and its evolution during the following 
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1800 𝑠. This determination was achieved by fitting the shape of the drop (in the 
captured video image) to the Young-Laplace equation, which relates the 
interfacial tension to the shape of the drop. A total of at least five drops for each 
probe liquid was dispensed and each drop was placed in a different region of the 
sample. The results correspond to the average of six independent measurements 
with a standard deviation below 3°. The used probe liquids were ultrapure water 
and extra-virgin olive oil obtained from a local producer. To study the static 
contact angle of the coated CNCs regions on the composite membrane, CNC 
films were prepared, by solvent casting from the CNC suspension, and submitted 
to the annealing process as described previously. This method was used to 
ensure that the static contact angle is determined onto a single-phase surface. 
Water and oil contact angle measurements were performed on CNC and aCNC 
films. Image acquisition, analysis and contact angle determination were 
performed using the SCA12 v.4.3.12 and v.4.3.16 software (DataPhysics 
Instruments GmbH, Filderstadt, Germany). 
To evaluate the capability of the composite membrane to capture oil 
microdroplets dispersed in water, a filtration setup was build using the striped 
composite membrane. An oil/water (𝑜 𝑤⁄ ) emulsion was obtained from 
0.05 %𝑤 𝑤⁄  oil/water mixture after 10 𝑚𝑖𝑛 of sonication. The filtration setup 
consisted in fixing the membrane (𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 = 25 𝑚𝑚) inside two acrylic tubes, 
with the composite membrane acting as a filter. The membrane was wetted prior 
to the testing and approximately 100 𝑚𝐿 of emulsion was filtered having gravity 
as the driving force. Optical microphotographs were taken using transmission 
mode, between parallel polars, with an Olympus BX 51 microscope, equipped 
with an Olympus DP 73 camera, to determine oil microdroplet frequency in the 
𝑜 𝑤⁄  emulsion before and after filtration. The oil microdroplets diameters were 
measured with ImageJ (version 1.49v, https://imagej.nih.gov.ij/) and scaled 
according to the magnification quoted by the microscope software. Oil droplet 
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4.3. Results and discussion 
 
4.3.1. Membrane production and characterization 
 
The composite membranes were produced according to the procedure 
described in 4.2, with two different screenprinted patterns (Figure 4. 1). The 
cellulose nanocrystals obtained by acid treatment present a rod-like shape with 
an average length of 152 𝑛𝑚, associated with the standard deviation of 65 𝑛𝑚 
and average width of 17 𝑛𝑚, with standard deviation of 7 𝑛𝑚 (Figure 4. 2). 
 
 
Figure 4. 2 – Cellulose nanocrystals obtained by sulphuric acid hydrolysis. Scanning 
Electron Microscopy of the top surface of a nanocrystalline cellulose free-standing film obtained 
by solvent casting of a CNC water suspension (𝟏. 𝟓%𝒘 𝒘⁄ ). 
 
In Figure 4. 3, a schematic representation of the composite membrane 
structures before (Figure 4. 3 a)) and after annealing (Figure 4. 3 b)) are 
presented. The produced composite membranes exhibit a patterned layer of CNC 
very similar to the mesh used, which reflects a good pattern reproduction when 
using this screenprinting process (Figure 4. 3 c) and e)). After annealing (20 𝑚𝑖𝑛  
at 150 ℃) the colour of the CNC dots and grids became darker, as is possible to 
observe in Figure 4. 3 d) and f). The reverse side of the composite membrane 





Figure 4. 3 – All-cellulose composite membranes produced. Schematic representation of the 
composite membrane structure a) before and b) after annealing. Photographs of the composite 
membranes obtained c) and e) after screenprinting and d) and f) annealing. 
 
To determine if there is any chemical change during the annealing stage, 
Fourier-transformed Infrared Spectroscopy (FTIR) measurements were 
performed on the CNC particles before and after annealing (Figure 4. 4). In the 
obtained spectra for the CNC before annealing it is possible to observe the 
characteristic peaks for cellulose at 3400 𝑐𝑚−1 and 1060 𝑐𝑚−1. The also 
characteristic peak for cellulose at 2900 𝑐𝑚−1 was not observed in the spectra. 
In the FTIR spectra for the annealed CNCs is possible to observe some 
differences in the positions of the peaks. The peaks at 750 − 1000 𝑐𝑚−1 region, 
corresponding to the 𝑆 − 𝑂 bond, due to the presence of sulphate groups 
attached to the CNCs surface, are not observed in the FTIR spectra of the CA 
membranes. Also, the peaks in the 1350 − 1175 𝑐𝑚−1 region became more 
intense. The peak located at 2900 𝑐𝑚−1 becomes visible after annealing. 
However, the peak that is located at 3400 𝑐𝑚−1, corresponding to the stretching 
of the 𝑂 − 𝐻 bond of the cellulose, is no longer present.  
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Figure 4. 4 – Fourier-transformed infrared spectra of the cellulose acetate (CA) membrane 
and cellulose nanocrystals before (CNC) and after annealing (aCNC).  
 
The darker colouration observed for the composite membranes after the 
heat treatment (Figure 4. 3 d) and f)) can be attributed to the CNC annealing 
process. The degradation process of CNC is reported to occur within the region 
of 170 − 300 ℃, contrasting with the range observed for microcrystalline cellulose 
(Gaspar et al. 2014). The presence of sulphate groups in CNC is also reported 
as accounted for a lower and wider degradation processes (Roman et al. 2004, 
Morais et al. 2013, Gaspar et al. 2014, Meng et al. 2015). Roman et al. reported 
the increment in the sulphate content for the hydrolysis of bacterial cellulose with 
hydrolysis time, acid concentration and acid/cellulose ratio. Their results 
suggested that the sulphate groups have a catalytic effect on the CNC 
degradation process (Roman et al. 2004).  
The annealing step (temperature within the range of the CNC degradation) 
in production of the composite membranes, reported here, seems responsible to 
reduce the number of −𝑂𝐻 groups (hydrophilic groups) present in the 
nanoparticles surface, mainly due to the formation of cross-linking bonds 
between the free 𝑂𝐻 of aCNC, cellulose acetate and carbonyl groups present in 
the aCNC (Roman et al. 2004, Meng et al. 2015).The annealing step seems to 
promote not only the formation of nanocrystalline cellulose network but also the 
adhesion between the aCNC layer and the electrospun CA membrane. The low 
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temperature (150 ℃) used in this process is enough to produce stable network 
but not high enough to obtain char. The presence of the sulphate groups in the 
CNC surface also diminishes and widers the cellulosic degradation process. It is 
well known that nanoscale material allows thermal treatment temperatures to be 
reduced (Roman et al. 2004). 
 
 
Figure 4. 5 – Chemical changes characterization by X-ray Photoelectron Spectroscopy of 
the cellulose acetate (CA) membrane and cellulose nanocrystals (CNCs) on a glass 
surface. Spectra for orbital 𝟏𝒔 of carbon for a a) CA membrane, CNCs on glass b) after and c) 
before annealing. Spectra for orbital 𝟐𝒑 of sulphur for a d) CA membrane, CNCs on glass e) after 
and f) before annealing.  
The characterization of the chemical changes, that occur during the 
annealing step of the composite membrane, was performed by X-ray 
photoelectron spectroscopy (XPS). Since the colour change of the composite 
membrane might be attributed to a chemical reaction in the CNC region, XPS 
measurements were conducted (Figure 4. 5), for the orbitals 1𝑠 of carbon and 
2𝑝 of sulphur, using a CA non-woven membrane and CNCs placed on the surface 
of a glass slide (before and after annealing). The aCNC particles exhibit a darker 
colour even when they are not on the surface of the CA membrane. The X-ray 
Photoelectron Spectroscopy (XPS) data of the CA membrane show the presence 
of several chemical bonds with carbon atoms (Figure 4. 5 a)) and no chemical 
bonds with sulphur atoms (Figure 4. 5 d)). The analysis of Figure 4. 5 evidence 
that the spectra of carbon and sulphur remain unchanged before and after 
annealing, indicating that the dark colour could be due to chain rearrangement 
without loss of atoms. The annealing stage promotes cross-linking between the 
CNCs, leading to a decrease in the distance between cross-linking points 
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(Streitwieser et al. 1992). This mechanism can be considered equivalent to a 
decrease of the molecular weight observed when the cross-linking increases in a 
polymer, phenomenon normally associated with the appearance of a darker 
colour in polymeric samples (Hofmann 1998), and should be the responsible for 
the darker colour of the aCNC. Through the observation of the spectra in 
Figure 4. 5 e) and f), the peaks that correspond to the sulphur 2𝑝 orbital are well 
defined and similar both before and after the thermal treatment. This behaviour 
is an indication that sulphur is still present after annealing and the dark colour 
present is not due to any chemical reaction involving the released of sulphur.  
The aCNC layer remains attached to the non-woven membrane even after 
the composite membranes have been submerged in water for several weeks, 
which indicates that the adhesion exists between the aCNC particles and the 
electrospun membrane. The height of the aCNC layer, marked with an arrow in 
Figure 4. 6, was determined using the already mentioned imaging analysis 
software (image J) and after measurement in 20 different positions the obtained 
value of the thickness was 13.90 ± 1.3 𝜇𝑚. 
 
 
Figure 4. 6 – Nanocellulose crystals layer stamped on the cellulose acetate membrane. 
Cross-section of a composite membrane after annealing observed by Scanning Electron 
Microscopy. It is possible to observe the annealed cellulose nanocrystals layer, marked with an 
arrow, on the surface of the electrospun cellulose acetate non-woven membrane. 
 
Membrane under-water stability is of great relevance because it means that, 
in real life offshore operations, there will be no release of contaminant 
nanoparticles into the ocean waters contributing to further ocean pollution. After 
immersed in water the annealed aCNC composite membranes also continue to 
exhibit the flexibility characteristic of the CA electrospun membranes. 
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The adhesion between the CNCs and the CA membrane was also observed 
by SEM observation Figure 4. 7. The good transfer of the pattern, already 




Figure 4. 7 – Screenprinted patterns. Sequence of Scanning Electron Microscopy pictures of 
the two screenprinted patterns after annealing: a) to c) dotted pattern and d) to f) gridded pattern; 
b) and e) picture of the boundary area of the non-woven cellulose acetate membrane and the 
annealed cellulose nanoparticles coated area, and c) and f) detail of the annealed cellulose 
nanoparticles covered region. 
 
A section of the surface of the patterned aCNC layer stamped on the CA 
membrane is shown in Figure 4. 7 a), a group of individualized aCNC dots is 
clearly visible, with average diameters of 200 𝜇𝑚. Figure 4. 7 b) shows a dense 
region that corresponds to the aCNC layer, and a porous one that corresponds 
to the CA electrospun fibres. On a high magnification picture (Figure 4. 7 c)) of 
the surface of an aCNC dot, it is possible to observe that the particles maintain 
their individuality and present a value of width which is in average 15 𝑛𝑚 with a 
standard deviation of 4 𝑛𝑚, and the length is 100 𝑛𝑚 with standard deviation of 
25 𝑛𝑚. The composite all-cellulose membrane screenprinted with a gridded 
pattern (Figure 4. 7 d) to f)) also presents a good replication of the patterns and 
aCNC also maintained their individuality. In both cases it is possible to observe 
that aCNC morphology is not affected by changes in the pattern design. 
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4.3.2. Mechanical properties of the cellulose-based membranes 
 
The influence of the aCNC particles in the mechanical properties of the 
composite membrane was evaluated by tensile testing. The comparison of the 
results obtained for CA electrospun membranes and for composite membranes, 
with the dotted and gridded screenprinted CNC layers after annealing is 
presented in Figure 4. 8.  
 
 
Figure 4. 8 – Mechanical properties of the cellulose-based membranes. Influence of the 
annealed cellulose nanocrystals (aCNC) patterned layer on the mechanical properties of the 
cellulose acetate (CA) membrane. An increase in the values of the Young modulus and yield 
stress are observed for membranes coated with the aCNC layers, showing that aCNC presence 
contributes for membrane cohesion under mechanical load. 
 
The aCNC contributes to the improvement of the mechanical properties of 
the composite membranes, with both dots and gridded patterns originating an 
increase in the Young modulus value, 90 ± 5 𝑀𝑃𝑎 and 100 ± 4 𝑀𝑃𝑎 respectively, 
when compared with the Young modulus of the CA electrospun non-woven 
membrane 30 ± 3 𝑀𝑃𝑎. When a gridded pattern is stamped onto the CA non-
woven membrane, an increase of one order of magnitude is observed for the 
Young modulus. This could be justified by the fact that, during tensile tests, the 
force is applied along one of the directions of the stripes that form the gridded 
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pattern. Composite membranes, in comparison with the CA electrospun 
membranes, showed a significant increase for the yield strength value with 
approximately 1.00 ± 0.03 𝑀𝑃𝑎 against almost 2.00 ± 0.08 𝑀𝑃𝑎.  
Comparing the values of strain until fracture it is visible that the CA 
electrospun membrane exhibits a value that is approximately the triple of the 
strain until fracture of the coated composite membrane. The improvement of the 
mechanical properties, and a transition to brittle behaviour when compared with 
CA non-woven membranes, is due to the covalent links formed during annealing, 
in-between the CNC particles and between the CNC particles and the CA fibres 
from the non-woven matrix. The composite membrane production process 
presented in this chapter allows the tailoring of the membrane structure.  
This method of production presented is a great improvement compared with 
previously published work were the composite membranes are, for example 
produced using synchronous electrospray and electrospinning (Ge et al. 2018), 
allowing a better control of the area covered by the CNC particles and the pattern 
formed.  
 
4.3.3. Oil affinity essays and wettability 
 
The produced composite membrane presents two distinct responses in 
contact with a water/oil micro-emulsion. During the separation of microdroplets of 
oil from water, the region responsible for the flow of water through the composite 
membrane is the one where the non-woven membrane is exposed. On the other 
hand, the region covered by aCNC is responsible for catching the oil 
microdroplets. One advantage of the usage of the screenprinting technique in the 
production of these type of membranes is the possibility to easily change the ratio 
of aCNC covered area, and pattern design, to maximize the water flow that 
crosses the composite membrane and, at the same time, the amount of captured 
oil.  
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Figure 4. 9 – All-cellulose composite membrane oil and water affinity. Photo sequence 
acquired using the OCA15 software for a) water, b) oil and c) oil in water droplet (𝟓 𝝁𝑳) placed on 
the top of all-cellulose composite dotted aCNC membrane.  
 
Oil and water microdroplets (≈ 5 𝜇𝐿) were generated with an electronic 
micrometric syringe and deposited on the surface of the annealed composite 
membranes. The all-cellulose composite membrane is wetted by water 
(Figure 4. 9 a)) and oil (Figure 4. 9 b)), in air, since the  𝜃𝑤𝑎𝑡𝑒𝑟 lower than 90° 
and 𝜃𝑜𝑖𝑙 lower than 90° are typical of hydrophilic and oleophilic surfaces, 
respectively. 
Oil affinity essays performed under water, as described in 4.2 and according 
to scheme presented in Figure 4. 10 a) and b), revealed that when the oil 
microdroplet is placed on the surface of the immersed composite membrane, 
touching only the CA membrane, no oil-capture is observed, the oil droplet stays 
attached to the needle of the syringe. However, if the droplet is placed on top of 
the aCNC layer, the aCNC captures the oil microdroplet and prevents its 





Figure 4. 10 – Oil affinity essays: a) and b) schematic of the method used for contact angle 
measurement for oil droplets in water using a cellulose acetate membrane coated with annealed 
cellulose nanocrystals, and c) photograph of oil droplets (𝟓 𝝁𝑳) deposited underwater on 
all-cellulose composite dotted membrane.  
 
To ensure that the static contact angle is determined on a single-phase 
surface (Figure 4. 11), water and oil contact angle measurements were 
performed for CNC and aCNC thin films. These measurements allowed to 
understand the interaction between oil microdroplets and the aCNC layer of the 
composite membrane. The initial water contact angle for the CNC film, 𝜃0 = 59°, 
and aCNC film, 𝜃0 = 58°, decreases gradually over the 1800 𝑠 to values of 
𝜃1800 = 14° and 𝜃1800 = 15°, respectively. The oil contact angle for the CNC film 
(𝜃0 = 49°) and aCNC film (𝜃0 = 42°) presents a fast decrease in the first seconds 
and then stabilizes in approximately the same value (𝜃1800 = 24° and 𝜃1800 = 29°, 
respectively) (Figure 4. 11 a)).The contact angle for oil (𝜃𝑜𝑖𝑙) is slightly smaller 
than water contact angle (𝜃𝑤𝑎𝑡𝑒𝑟) because oil presents a lower surface tension 
than water (Melo-Espinosa et al. 2014). This behaviour indicates that the 
annealing process does not change the character of the CNC thin films. In air, 
the contact angle of water and oil, for the same substrate, is inferior to 90°. This 
reveals that the CNC thin films (before and after annealing) present a typical 
amphiphilic character in air (Wang et al. 1997); 𝜃𝑤𝑎𝑡𝑒𝑟  lower than 90° is 
characteristic of hydrophilic surfaces and 𝜃𝑜𝑖𝑙 lower than 90° is typical of oleophilic 
surfaces (Figure 4. 11 b)). Materials with amphiphilic character are reported as 
promising for several applications namely for use in self-cleaning surfaces (Wang 
et al. 1997, André et al. 2013). 
Underwater oil contact angle for aCNC thin film was determined to 
understand the composite membrane behaviour when immersed in water. 
Underwater oil contact angle measurements were only possible to perform for 
the aCNC thin film, since without the annealing step the CNC thin film dissolves 
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in water. This behaviour is explained by the absence of acid catalysed, still 
present in the CNC’s suspension, esterification of carboxylic acid groups with 
cellulose hydroxyl groups promoted by the heat treatment.  
 
 
Figure 4. 11 – Water and oil contact angle measurements. a) graph of water and oil contact 
angles and underwater oil contact angles for the cellulose nanoparticles (CNC) and annealed 
cellulose nanoparticles (aCNC) thin films versus time. The contact angle values presented are an 
average of six independent measurements with a standard deviation below 𝟑°. b) Photo acquired 
at 𝟏𝟖𝟎𝟎 𝒔 using the OCA15 software for the oil contact angle CNC film and c) under water oil 
contact angle of annealed CNC thin film. Photo of the annealed CNC thin film under water at a 
vertical position with a captured oil droplet (𝟓 𝝁𝑳), d) front view and e) upper view, showing the 
aCNC oleophilic character. 
 
The annealing step confers stability and strength to the CNC layer, 
preventing its elimination during the filtration process; in this turn, contributing for 
lifetime increase of the produced membrane (Rohrbach et al. 2014). The oil 
droplet deposited onto the aCNC thin film is approximately spherical in shape and 
the contact angle (Figure 4. 11 c)), after deposition and settlement, is as high as 
180° ± 3° and remains stable over 1800 𝑠 (Figure 4. 11 a)). It is also possible to 
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deposit an oil droplet onto the aCNC thin film that is underwater in a vertical 
position (Figure 4. 11 d) and e)). These results indicate that aCNC region of the 
composite membrane is responsible for the capture of oil microdroplets, avoiding 
their movement to the water surface when the membrane is immersed in water, 
as shown in Figure 4. 10 c) and Figure 4. 11 c) and d). 
The results obtained for aCNC thin film are coherent with the observations, 
already mentioned by some authors, that hydrophilicity in air results in 
underwater oleophobicity (Yong et al. 2014). In this study, the aCNC film presents 
an underwater oil contact angle higher than 150°, characteristic of 
super-oleophobic surfaces (Wang et al. 2015b). The chemical composition of the 
aCNC layer is responsible for the small underwater contact area between the thin 
film/membrane surface and the oil droplet. The microscopic surface roughness, 
observed for the aCNC layer deposited on the surface of the CA membrane, 
contributes for the amplification of the underwater oleophobicity. In air, the 
wettability of the solid surface is estimated by the contact angle determined 




𝛾𝑜𝑎 cos𝜃𝑜 − 𝛾𝑤𝑎 cos𝜃𝑤
𝛾𝑜𝑤
 
Eq. 4. 1 
 
 
where 𝛾𝑜𝑎, 𝛾𝑤𝑎, and 𝛾𝑜𝑤 are the oil-air interface tension, water-air interface 
tension, and oil-water interface tension, respectively. 𝜃𝑜, 𝜃𝑤, and 𝜃𝑜𝑤 are the 
contact angles of oil in air, water in air, and oil in water, respectively. Using Eq. 
4. 1 it is possible to confirm that a hydrophilic surface in air becomes oleophobic 
underwater (Liu et al. 2009), taking in consideration that olive oil interfacial 
tension with air (𝛾𝑜𝑎) is 33 𝑚𝑁 𝑚⁄  (Melo-Espinosa et al. 2014) and water surface 
tension (𝛾𝑤𝑎) is 73 𝑚𝑁 𝑚⁄  (Liu et al. 2009) and that the olive oil/water interfacial 
tension (𝛾𝑜𝑤) is 23.56 𝑚𝑁 𝑚⁄  (Fisher et al. 1985). In air, the olive oil contact angle 
on aCNC surface measured was 42°, and water contact angle was 58°. As result 
in Eq. 4. 1, cos𝜃𝑜𝑤 = −0.929 thus 𝜃𝑜𝑤 = 158.4°, indicating that the aCNC thin film 
behaves as oleophobic surface in water. The calculation result differs from the 
experimental value because the Young’s equation does not take into 
consideration the surface roughness. Two different models were developed to 
explain wetting behaviour on a rough surface, Wenzel (Wenzel 1936) and the 
Cassie and Baxter (Cassie et al. 1944) regimes.  
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The Wenzel model claims that the surface roughness is responsible for the 
amplification of surface wettability (𝜃 < 90°) or non-wettability (𝜃 > 90°), 
depending on the chemical properties of the surface. The highest contact angle 
value reported for water on a smooth surface is around 120° (Nishino et al. 1999). 
Higher values are only possible due to the presence of small protuberances that 
are surrounded by air and that are not wetted by the droplet.  
For the system composed of solid, air and water described by the Cassie-
Baxter equation, obtained by modification of the Young’s equation (Eq. 4. 1) in 
an oil/water/solid system, where the rough surface is composed of solid and 
water, the Cassie model is described by 
 
 cos 𝜃′𝑜 = 𝑓 cos𝜃𝑜 + 𝑓 − 1 Eq. 4. 2 
 
where 𝑓 is the area fraction of the solid, 𝜃𝑜 is the contact angle of an oil droplet 
on a smooth surface in water, and 𝜃′𝑜 is the contact angle of an oil droplet on a 
rough surface in water (Cassie et al. 1944). This equation (Eq. 4. 2) reveals that 
hierarchical structure correlated with the three-phase system is crucial for the 
super-oleophobic character (𝜃𝑜𝑖𝑙 = 180°) observed for the aCNC thin film when 
immersed in water. The underwater super-oleophobic character for aCNC thin 
films, combined with their capability to adhere oil droplets, reveals that aCNC 
layer deposited on the CA electrospun no-woven membrane is responsible for 
the microdroplets capture from an oil/water emulsion.  
 
4.3.4. Oil recovery efficiency 
 
Oil-recovery efficiency was accessed as described in 4.2. After filtration, the 
oil/water emulsion is much clearer when compared with the unfiltered one that 
looks murky to the naked eye (Figure 4. 12 a)). Optical microscopy images of the 
emulsion before (Figure 4. 12 b)) and after (Figure 4. 12 c)) filtration revealed 
that the number of oil microdroplets significantly decrease, as can be observed 
in the histogram in Figure 4. 12 d), indicating that the composite membrane is 





Figure 4. 12 – Oil-recovery efficiency: a) Photo of the filtration cell apparatus and oil/water 
emulsion before filtration and immediately after. Optical microscopy photos taken b) before and 
c) immediately after emulsion filtration using the all-cellulose annealed composite membrane. d) 
Histogram showing the number of oil microdroplets in the range 𝟏𝟎 − 𝟔𝟓 𝝁𝒎 observed in 
emulsions corresponding to figures b) and c). 
 
It is possible to observe an important decrease in the number of micron-
sized oil droplets. Before filtration, the emulsion is mainly formed by droplets with 
diameters ranging from 10 to 30 𝜇𝑚. After filtration, the emulsion is mostly 
composed of droplets with diameters between 10 to 20 𝜇𝑚 in a much smaller 
number than is observed before filtration. The filtration process is responsible for 
the decrease in the number of oil microdroplets present in the oil/water emulsion 
which corresponds to an efficiency of approximately 83 % in the removal of oil 
droplets with diameters between 10 to 15 𝜇𝑚.  
The mechanism of oil separation from an oil/water emulsion for the 
produced composite membranes differs from the typical coalescence membrane 
systems. Conventional coalescence membranes present three main steps: first, 
the membrane captures dispersed droplets; second, droplets collected coalesce 
on the membrane surface; and third, the enlarged droplets migrate through the 
membrane and are released (Shin et al. 2004). Dispersed oil is captured at 
membrane surface onto the aCNC features. As the surface density of captured 
oil increases, the droplets begin to coalesce on top of the aCNC layer. The 
composite membrane design, hydrophilic and underwater oleophobic spots with 
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oil adherence capability, promotes oil droplet to displace and release from the 
membrane surface. As consequence, oil release with lower density than water, 
concentrates at the top of the filtration cell. The all-cellulose composite 
membranes here reported, present a high capability to capture dispersed oil 
microdroplets on a filtration process only driven by gravity force which reduces 
the energy required during the water/oil separation processes. All these features 





The all-cellulose composite membranes, produced in this chapter, can be 
used in water cleaning applications, where the capture of oil microdroplets is vital 
due to the affinity that annealed CNCs show under water. Taking in consideration 
that the inability to remove the micro-sized droplets is the major disadvantage 
presented by conventional oil capture methods, the cellulose environmentally 
friendly and recyclable membranes presented in this work can play a significant 
role in oil removing operations from sea water or from different types of 
wastewater.  
The structure of the composite membrane can be tailored in order to present 
two distinct areas with different behaviour regarding oil, in a oil/water micro 
emulsion. Hydrophilic and underwater super-oleophobic character can be tuned 
taking advantage of chemical composition and structures of cellulose at both the 
macroscopic and micro/nanoscopic scale without introducing any harmful 
chemicals. The use of the screenprinting technique allows the easy change of 
the ratio of the covered area, and pattern design, to maximize the water flow that 
crosses the composite membrane and, thus, the amount of captured oil. The 
combination of the annealed cellulose nanoparticles with cellulose acetate 
non-woven membranes opens the door to a low-cost environment-friendly 











Chapter 5: Final Conclusions and Future 
Perspectives 
Nature has been producing cellulose since long before man walked the 
surface of the earth. Millions of years of natural design and testing have resulted 
in cellulose-based structures that are a great inspiration for the production of 
synthetic materials based on cellulose with properties that can mimic natural 
designs, functions, and properties. Solid structures resembling ordered 
cholesteric phases are present in cellulosic structures, which are found in the cell 
wall of the tissues of plants. The nematic chiral phase organization assures not 
only the mechanical properties of the plant but is also responsible for the 
structural colours displayed by some fruits, leaves and flowers.  
A simple method to access the morphology of microfilaments was 
developed. It consists in the observation of the textures developed in liquid crystal 
droplets pierced by the filaments.  
To test our new methodology helical microfilaments from two different 
plants, Agapanthus africanus and Ornithogalum thyrsoides, were used. The 
filaments with identical diameters, chemical composition and internal cellulose 
skeleton were found to present different morphologies, revealed by the 
microdroplets. The morphologies of the outer surface of the filaments were found 





Further studies involving the determination of the morphologies of the 
microfilaments upon stretching should be addressed. This will be achieved 
through the observation of the textures of liquid crystal droplets pierced by the 
filament during the tensile test. Our method opens new routes to the 
characterization of microfilaments not only produced by plants and animals but 
also by man.  
 In this work Erodium active awns were also studied. Chemical treatments 
allowed the isolation of the active part of the awns. The cellulosic active material 
isolated showed promising results regarding the removal of molecules or 
nanoparticles from contaminated water. However, further studies are needed in 
order to evaluate the recovery efficiency, cleaning, and durability of 
the materials. The applicability of this type of materials for removal of 
nanoparticles, namely nanoparticles of plastics, from the environment is of great 
interest. A future target will be the printing of a 4D cellulose-based 
materials mimicking the active structures isolated from the Erodium awns. In this 
sense the “ink” composition, the printability and the printed material are under 
investigation.  
In this work all-cellulose composite membranes, with tailored 
structures, were also produced and characterized. It was shown that the 
membranes produced effectively remove oil micro-droplets from an oil/water 
emulsion. Taking advantage of the chemical composition and cellulose 
structure, at both the macroscopic and micro/nanoscopic scale, it was possible 
to tune the hydrophilic and underwater super-oleophobic character of the 
membranes. The combination of annealed cellulose nanoparticles with cellulose 
acetate non-woven membranes opens new perspectives to the removal of oil 
microdroplets from polluted ocean and waste-oily waters. Further studies 
regarding the production of all-cellulose composite membranes using a single 
step process to further simplify the process and reduce the production time of the 
membrane, will be addressed. A new design of a filtration cell is being idealized 
in order to promote oil collection and recovery during/after the filtration process. 
The use of all-cellulose membranes in a multifilter device will also be explored.  
I would like to mention as a final note that despite the complex cellulosic 
structures existing in plants, which are difficult to reproduce in the laboratory, they 
will always be a source and an inspiration for the production of new sustainable 
materials.  
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1. Introduction
Man discovered cellulose very recently relative to the amount of 
time plants have been shaping it into different building blocks. 
Nature produces several hierarchical structures that span from 
the molecular to the nano, micro, and macroscales. Cellulose 
structures are at the foundation of different photonic and 
adaptive materials that can spontaneously adapt their physical 
properties, such as shape and color, making them a source of 
inspiration for the next generation of stimuli-responsive mate-
rials. In addition to this, the analysis of natural structures 
provides insights into evolutionary structure–function relation-
ships in plants and animals.
Here, we will focus on biomimetic materials inspired by 
cellulose-based anisotropic systems. The inspiration for these 
materials has come not only from the hierarchical cellulose 
structures that exist in plants, but also from spider-web micro 
Nature has been producing cellulose since long before man walked the sur-
face of the earth. Millions of years of natural design and testing have resulted 
in cellulose-based structures that are an inspiration for the production of 
synthetic materials based on cellulose with properties that can mimic natural 
designs, functions, and properties. Here, five sections describe cellulose-
based materials with characteristics that are inspired by gratings that exist 
on the petals of the plants, structurally colored materials, helical filaments 
produced by plants, water-responsive materials in plants, and environ-
mental stimuli-responsive tissues found in insects and plants. The synthetic 
cellulose-based materials described herein are in the form of fibers and films. 
Fascinating multifunctional materials are prepared from cellulose-based liquid 
crystals and from composite cellulosic materials that combine functionality 
with structural performance. Future and recent applications are outlined.
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and nanofilaments and the photonic char-
acteristics displayed by the cuticles of 
some beetles and the skins of chameleons.
Here, there are five main sections, 
all beginning with a description of the 
structures found in nature that follow the 
general design principles that are found 
in that section and serving as the inspira-
tion for those cellulose-based synthetic 
materials. After a short introduction to 
cellulose-based thermotropic and lyo-
tropic systems, which are materials dis-
cussed in all the following sections, we 
start with diffraction gratings observed in 
petals of plants and bioinspired cellulose-
based films obtained from sheared liquid-
crystalline solutions. The materials have 
wrinkled surfaces in which the surface 
topographies are tuned to enable the existence of hierarchical 
periodic structures. Natural and synthetic cellulose-based films 
with photonic structures are then discussed to illustrate the 
use of cellulose chiral nematic-liquid-crystalline structures to 
precisely control the structural coloration of the films. In the 
following section, cellulose-based water-responsive systems of 
plants are addressed, and the role of anisotropic structures in 
controlling moisture-dependent shape changes in various mate-
rials is highlighted. In Section 4, cellulose-based fibers pro-
duced from anisotropic solutions that are made on-demand at 
the micro/nanoscale, mimic the shapes of natural fibers found 
in plants and spider webs are discussed. Finally, natural and cel-
lulose composite systems with optical characteristics sensitive 
to external fields are addressed. Materials such as responsive 
liquid crystals (LCs) and polymers are combined with cellulosic 
structural materials to generate functional synthetic systems.
The examples are chosen to illustrate the rich diversity of cel-
lulose-based materials that are synthetically produced through 
bioinspired approaches. Cellulose-based systems are easy to 
obtain; the chemistries involved in isolating the essential con-
stituents as well as preparing and processing of the materials 
are diverse and allow the production of a wide range of nano/
microstructures. We conclude with some current challenges 
and possible applications for such biomimetic materials.
1.1. Short Overview of Chiral Nematic Cellulose  
Liquid-Crystalline Phases
In this section, we focus on cellulosic lyotropic and thermo-
tropic phases, and a special emphasis will be placed on lyotropic 
aqueous liquid-crystalline systems. Cellulosic mesophases 
show chiral nematic (or cholesteric) properties, which are at the 
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foundation of most of the synthetic materials described in the 
following sections. The nematic-liquid-crystalline phase, made 
up of rod-like molecules that tend to be parallel to a common 
axis called the director (n), is locally very similar to the cho-
lesteric phase observed in cellulose liquid crystals.[1] Due to the 
chirality of the cellulose, the nematic phase undergoes a helical 
modulation as shown in Figure 1a.[2] The chiral nematic phase 
is characterized by the pitch (P) and its handedness. The pitch, 
defined by the distance required for the director to complete a 
full turn (to rotate 360°), is a function of both the temperature 
and concentration. The chiral nematic structure along its helix 
axis has a strong optical activity. When white light illuminates 
the sample normal to the plane of the molecules, an abrupt 
variation in its optical activity at a specific wavelength (λ0) is 
observed, and the sample reflects the light in a select range 
of wavelength around λ0. If λ0 is in the range of visible light, 
brilliant colors characteristic of many cholesteric materials are 
observed.[1] According to the de Vries equation (Equation (1)),[3] 
the helicoidal pitch, P, the average refractive index of the meso-
phase, n, and λ0 are related by
0 nPλ =  (1)
If θ is the angle between the incident light and the helix axis, 
Equation (1) can be an approximated by the Bragg reflection 
given by the following
cos0 nPλ θ=  (2)
The reflected wavelength changes with the incident angle of 
the light causing chiral nematic liquid crystals to appear irides-
cent. As mentioned above, the chiral nematic helix is defined 
by its internal handedness, and, just as pitch influences the 
light reflection, the handedness also affects the optical activity 
of these materials. In this sense, one can foresee that circularly 
polarized light will be selectively influenced by the handedness 
of the helix, i.e., right circularly polarized (RCP) light will be 
reflected by cholesteric materials with a right-handed helix, 
while left circularly polarized (LCP) light will be reflected by 
cholesteric materials with a left-handed helix.[4]
The optical activity of chiral nematics of cellulose-based 
liquid crystals can be attributed to the presence of asymmetric 
carbons in their anhydroglucose units (AGUs). A wide variety 
of cellulose derivatives with substituents linked to the cellu-
lose hydroxyl groups also generates liquid-crystalline phases. 
Some examples are cellulose phenylcarbamate (CPC), ethyl cel-
lulose (EC), and hydroxypropylcellulose (HPC); the structural 
formulae of these compounds are represented in Figure 1b. 
The main factors that influence the existence of the liquid-
crystal (LC) phase include the type of the substituent, molec-
ular weight, and average degree of substitution (DS). (DS) is 
expressed as the mean number of hydroxyl substituents per 
AGU. With substituents that can undergo further chemical 
functionalization, such as in HPC and CPC, the side chains 
can continuously grow. Molar substitution (MS), defined 
as an average number of substituents per AGU, reflects the 
total number of substitutions and not just the substituents 
that replace the hydroxyl groups on the cellulosic main chain 
(for instance HPC has an MS 3)> . Cellulosic materials with high 
DS values (ranging from 2 to 3) in the appropriate solvent and 
at sufficiently high concentrations form lyotropic-liquid-crystal-
line phases.[5]
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The experimental conditions used for the derivation of the cel-
lulose, including reaction time and the type and length of the 
substituent linked to the cellulose main chain, give rise to cel-
lulose-based materials that can present thermotropic behaviors. 
In these systems, the substituents on the cellulosic chain act as 
the solvent in the lyotropic phase. An excellent example of this 
type of compound is acetoxypropylcellulose (APC),[11] which is 
obtained from the esterification reaction of HPC and is described 
in more detail in Section 5. In APC, the ester groups attached to 
HPC allow the formation of a mesophase at room temperature. 
The substituents give mobility to the cellulose chain by breaking 
inter and intramolecular hydrogen bonds, which allows the 
chains to align and generate liquid-crystalline phases.
In lyotropic-cellulose-based liquid crystals, the critical con-
centration (C*) is the polymer concentration above which the 
solution/suspension forms a mesophase. Considering Flory’s 
theoretical model,[5a] the C* in the volume fraction for meso-
phase appearance is expressed as a function of the polymer 
chains’ persistence length (q), which is related to the stiffness 
of the polymer chains. The following equation can be used to 
describe C*
C x x[v/v] (8/ )(1 2/ )* −  (3)
where x = lk/d: lk = 2q is the Kuhn segment length and d is 
the hydrodynamic diameter of the chain.[5] Values of q between 
6 and 12 nm have been estimated for cellulose derivatives, 
which are considered semiflexible polymers. Other LC poly-
mers are more rigid, presenting higher persistence-length 
values when suspended in toluene (e.g., 37 nm for the poly(n-
hexylisocyante) at 25 °C).[4a,5c] Using Equation (3), and con-
sidering lk = 20 nm and d ≈ 1.1 nm for an HPC/H2O system, 
one can semiquantitatively predict a critical concentration for 
HPC of ≈0.39 (v/v).[2,7] These values are well correlated with the 
experimental measurements depicted in the HPC/H2O phase 
diagram shown in Figure 1c, which is adapted from the work 
of Werbowyj and Gray.[2,7] Figure 1d shows a viscous isotropic 
aqueous solution with a CHPC of 21 wt%, and a turbid and iri-
descent greenish anisotropic solution with a CHPC of 63 wt% 
is shown in Figure 1e. When observed with a polarized micro-
scope, between crossed polars, the latter solution exhibits a 
strong birefringence.[7]
The anisotropic transition observed in the HPC/H2O system 
can be attributed to the relatively moderate stiffness of the HPC 
backbone. As the concentration of the polymer increases, the 
increase in translational entropy provided by nematic ordering 
surpasses the decrease in the orientational entropy, which 
causes the polymer chains to adopt a parallel orientation, just 
as described in Onsager’s model for rigid rods.[12] Additionally, 
locally, the parallel orientation is twisted due to the chirality of the 
cellulosic chain, which allows the polymer molecules to develop 
an equilibrium helical twisted configuration, causing the Bragg 
Figure 1. Liquid-crystalline cellulose-based systems. a) Sketch of a helicoidal, chiral nematic arrangement of semiflexible chains with a heli-
coidal pitch P and a helix axis perpendicular to the director; θ is the angle between the incident light and the helix axis. Reproduced with per-
mission.[2] Copyright 1984, American Chemical Society. b) Structural formulae of some examples of liquid-crystalline cellulose derivatives. 
Reproduced with permission.[4a] Copyright 2015, Springer International Publishing, Switzerland. c) Phase diagram of the HPC/H2O binary 
system.[7] d,e) Samples of HPC/H2O mixtures made in small flasks: d) CHPC = 21 wt%, e) CHPC = 63 wt%. c–e) Reproduced with permission.[7] 
Copyright 2016, EDP Sciences, SIF, Springer-Verlag Berlin Heidelberg. f) Polarized transmission of light by HPC/H2O, photo taken through a 
microscope between crossed polars, oily streaky texture, 55 wt% HPC in H2O. Reproduced under the terms of the CC-BY 4.0 license.[8] Copyright 
2015, The Authors. Published by Multidisciplinary Digital Publishing Institute. g) Effect of adding NaCl on the phase separation behavior of bacte-
rial nanocellulose (BC) suspensions obtained by sulfuric acid hydrolysis, (BC concentration of 3 wt%, samples were kept upright for 25 d: I) 0; II) 
0.25 × 10−3 m; III) 0.75 × 10−3 m; IV) 1.3 × 10−3 m; V) 2.0 × 10−3 m; VI) 2.75 × 10−3 m; VII) 5.0 × 10−3 m of NaCl). Reproduced with permission.[9] Copyright 
2009, American Chemical Society. h,i) Overview of texture change over time for a 9.6 wt% suspension of CNC between a microscope slide and cover 
glass viewed between crossed polars: h) 5 min; i) 18 h. The same area of the sample is shown in each segment. Adapted with permission.[10] Copyright 
2016, American Chemical Society.
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reflection of light. If a solution with CHPC = 55 wt% is placed 
between crossed polarizers, in time, the oily streaky texture 
(Figure 1f) that is common to low-molar-mass cholesteric liquid 
crystals develops and a green color resulting from the planar 
chiral nematic configuration is observed.[8,13] From the phase 
diagram, the pitch value of the HPC/H2O lyotropic system can 
be small enough to show iridescent colors and, as the concen-
tration of HPC increases, the color varies from red to blue. This 
optical anisotropy and the reflection of brightly colored light are 
two pieces of evidence for the cholesteric phase in this cellu-
lose-derived model system.[7] Another extraordinary character-
istic of the HPC/H2O system is the occurrence of the so-called 
cloud point, or lower critical solution temperature (LCST), that 
occurs when the temperature of the system is increased. For 
instance, for the isotropic phase the LCST appears at ≈40 °C 
(see Figure 1c). At this temperature, the solubility of the 
poly mer decreases and it precipitates out of solution.[7]
A stable mesophase in water was also found with cellulose 
nanocrystals (CNCs) that were first described by Revol et al.; they 
were obtained from the sulfuric acid hydrolysis of cellulose.[14] 
Since then, significant attention has been paid to CNC/water 
systems by the scientific community due to the interesting prop-
erties exhibited by this material, such as biocompatibility, ani-
sotropy, high Young’s modulus, optical transparency, photo nic 
properties, and rich surface chemistry, which can impart 
new properties.[15] This LC phase is thought to be due to the 
electrostatic stabilization imparted by the negative charges intro-
duced by the sulfate ester groups on the surfaces of the CNCs. 
As was observed for HPC, phase separation behavior is seen in 
aqueous suspensions of cellulose nanocrystals as the concentra-
tion in polymer increases; however, for this LC system, a much 
lower critical concentration has been reported (≈1–10% wt). 
The LC phase normally displays a pitch between 5 and 80 µm, 
and it decreases with increasing CNC content.[16] The isotropic-
to-anisotropic equilibrium is dependent on a large number of 
parameters including the cellulose source, CNC aspect ratio, 
and surface charge density.[15b] The addition of an electrolyte, 
such as NaCl, also alters the LC phase behavior of CNC liquid-
crystal suspensions, as shown, for example, by Dong et al.[17] 
for CNCs derived from cotton linters. In this system, a reduc-
tion of the chiral nematic pitch is observed due to a decrease 
in the thickness of the electric double layer, which results in 
increasing interactions between each CNC particle.[15a] Other 
types of molecules, both organic and inorganic, were added to 
the LC–CNC/H2O suspensions, and the van der Waals’ radii, 
hydrophobic attractions, and steric repulsions of the molecules 
had strong effects on the phase separation in the suspensions.
Hirai et al.,[9] while examining the isotropic–anisotropic 
phase separation, observed a C* of the anisotropic phase for-
mation of 0.42 wt% for aqueous suspensions of sulfuric-acid-
hydrolyzed bacteria-derived cellulose CNC. This value is one 
order of magnitude lower than what is observed for cotton- 
or wood-pulp-derived CNCs. This intriguing property is the 
result of the higher aspect ratio of the bacterial nanocelluloses 
(BCs) (four times higher than that of CNCs) and the lower 
surface charge densities of the BCs compared with those of 
CNCs. When salt was added to this LC system (Figure 1g), the 
authors observed a reduction in the anisotropic phase for salt 
concentrations up to 1.0 × 10−3 m (Figure 1g I–IV), which is 
similar to that which has been described for the CNCs. How-
ever, the opposite effect was observed for NaCl concentrations 
from 2 × 10−3 m to 5 × 10−3 m and for these values, no phase 
separation was observed (Figure 1g V–VII). In this case, the LC 
phase was observed over the total length of the spectroscopic 
cells, and its hue deepened.[9]
As reported by Gray and Mu, the microscopy observation of 
a fully anisotropic CNCs aqueous suspension (Figure 1h) that 
was sealed between a microscope slide and a cover glass imme-
diately after its preparation, shows a very unusual behavior.[10] 
The authors observed this texture instantly after the sample was 
prepared, and attributed this unusual behavior to the applica-
tion of a low and transient shear during preparation; the helical 
equilibrium configuration of the chiral nematic phase of CNC is 
known to unwind due to shear. They could see a complex bire-
fringent colored pattern between crossed polarizers. After 5 min 
of relaxation, this complex pattern could be observed, Figure 1h, 
and the texture is characteristic of a randomly oriented nematic 
phase. If the sample is undisturbed for a long time (18 h), 
the helix reforms, and a planar texture with oily streaks and a 
long-pitch chiral nematic phase, in this case ≈70 µm, develops 
(Figure 1i). In general, the untwisting of the helix of a low-
molar-mass chiral nematic is achieved when shear[18] or other 
fields are applied (e.g., magnetic field). For CNC suspensions, 
higher shear rates seem to be required to untwist the helix and 
to align the director along the shear direction.[10] According to 
these authors, in order to untwist the director, an elastic distor-
tion along a length scale comparable to the pitch is required, 
which will lead to singularities at each half pitch in which the 
CNCs will be perpendicular to the surfaces of the samples. In 
this new model, the authors propose that the observed texture 
is a result of the twist–bend type of CNC orientation that exists 
in the intermediate state until the equilibrium is reached and 
the chiral nematic phase is restored. These interesting results 
also show that a completely uniform planar texture is required 
to produce iridescent films with narrower reflection bands, and 
such textures will take an even longer time to develop than that 
which was observed in this exposed transition.[10]
As seen in the HPC/water phase diagram (Figure 1c), tem-
perature can also affect the pitch of the chiral nematic phase, 
and in this system, the pitch values increase as the tempera-
ture rises, which is in contrast with what is observed for the 
majority of low-molar-mass liquid crystals. Similar behavior 
is observed for 2-ethoxy-propylcellulose. However, for the 
acetyl–ethylcellulose the influence of temperature on pitch is 
dependent on the degree of substitution of the polymer; for low 
degrees of acetylation, the pitch decreases as the temperature 
increases. As shown by these three derivatives, the change in 
pitch based on temperature changes strongly depends on the 
type of substituents on the cellulose derivative. Pan et al.,[19] 
while preparing different CNCs films using different solvent-
evaporation rates, (different environments and temperatures), 
observed that the pitch values of the solid films decrease as the 
temperature rises when starting from the same suspension 
in the biphase (coexistence of isotropic and anisotropic phase). 
This phenomenon was unexpected, and the authors proposed 
that, as the temperature rises, the interactions between crystal-
lites weaken, and, therefore, a higher critical concentration for 
mesophase formation is needed,[19] which is similar to that 
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which was observed with sparingly substituted 2-ethoxy-propyl-
cellulose. This effect was later confirmed by Ureña-Benavides 
et al.,[20] who found that for a fixed polymer concentration of 
CNCs within the biphasic region, the anisotropic volume frac-
tion decreases as temperature increases. However, in the case 
of CNCs, the acid-catalyzed desulfation reaction might occur 
at low temperatures (40–50 °C for CNC–S–H). Because of this, 
other factors have to be considered in order to fully explain the 
pitch of the chiral nematic phase at different temperatures.[17]
Many studies and excellent reviews have been dedicated to 
phase diagrams and to the rheology and the optical behavior 
of lyotropic and thermotropic cellulose-based systems.[4a,5b,c,21] 
This section is only a modest overview in order to introduce the 
biomimetic films and fibers that have been prepared from cel-
lulosic systems and will be discussed in the next sections.
2. Cellulose-Based Films Mimicking Flower-Petal 
Diffraction Gratings
Mimicking structures found in nature is a fundamental strategy 
for the development of advanced materials such as biosensors 
and actuators. In this section, we will discuss cellulose-based 
films that mimic the diffraction gratings found in plants. The 
formation of such complex architectures with unique proper-
ties and how these structures are transferred to cellulosic mate-
rials will be the focus of the section.
2.1. Flower Gratings
Plants present a natural surface coating known as a cuticle, 
which is a protective waxy material that covers most of the 
plant (except the roots). It is composed of lipids embedded in 
a polymeric matrix (polyester) that is usually hydrophobic.[22] 
This layer is the outermost barrier covering the plants and it 
is the interface between the plants and the environment. The 
interesting feature of this outer layer is that it can confer dif-
ferent properties to the plant. The most well-known example 
is that of the lotus leaf. The primary function of the cuticle in 
the common lotus leaf is a self-cleaning mechanism known as 
the lotus effect. The roughness of the cuticle (outer layer) gives 
high hydrophobicity to the surface. Additionally, the micro and 
nanostructured surface of the lotus leaf provides a very effec-
tive antiadhesive property used to protect against particulate 
contamination.[22]
Flowers are often used for decorative purposes by humans, 
but they have much broader functions in nature, for instance 
as food for insects, birds, animals, and even humans. In par-
ticular petals have characteristic structures on their surfaces 
that confer properties (e.g., surface wettability and adhesion) 
that are essential to protect the plants from physical, chemical, 
and biological attack and are also crucial to their biological 
functions and enable reproduction.[23] Flower petals display 
beautiful and attractive color patterns that vary between spe-
cies.[24] The visual appearance of flowers is an essential factor 
for the reproduction of the species. The colors are derived from 
pigments or the micro or nanostructured architectures of the 
petal surfaces, which give rise to structural colors (diffraction 
gratings), or the color could be due to a combination of these 
factors.[24,25]
In 2009, Whitney et al.[26] identified iridescence in Hibiscus 
trionum (Venice Mallow) (Figure 2a,b) for the first time and 
demonstrated that the iridescence shown by this plant can be 
attributed to the regular nanoscale patterns (striations or wrin-
kles) molded into the cuticle that coats the surface of the flat 
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Figure 2. Diverse striations of flowering plants. a) The Hibiscus trionum flower and b) the base of the Hibiscus trionum petal show iridescence overlying red 
pigment due to parallel regular striations along the petal main axis (lower half of the SEM image in (c)) in contrast with smooth (nonstriated) cells shown 
on the upper half of the image (scale bar 50 µm). Reproduced with permission.[26] Copyright 2009, American Association for the Advancement of Science. 
d) Black tulip and e) SEM image in which striations are observed on top of the purple-pigmented epidermis of the petal responsible for iridescence. f) 
SEM image showing a disorganized structure on the side of the petal, which is not iridescent. g) Yunnan rhododendron and i) Ursinia calendulifolia flowers. 
h,j) SEM images of epidermal cells of the petals with striations perpendicular to the axis of elongation of the cells; scale bar 10 µm. Reproduced with 
permission.[27] Copyright, 2012 The Authors. Published by the Royal Society. k–n) SEM images of daisy petals: with perpendicular striations to the axis 
of elongation of the cells (m,n); o–r) SEM images of Kalanchoe blossfeldiana petals; q–r) striations parallel to the axis of elongation of the cells. The scale 
bar for (k) to (q) corresponds to 20 µm, (m) and (q) zoom in to the rectangles; the scale in (n) is bar 6 µm; and the scale bar in (r) is 8 µm. Reproduced 
with permission.[23d] Copyright 2017 The Authors. Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and Applied Mechanics.
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epidermis of the petal. Such striations act as diffraction grat-
ings producing diffractive optical effects, such as those shown 
in Figure 2b.[26] The base of the H. trionum petal shows iri-
descence overlying red pigment due to regular parallel stria-
tions visible in the scanning electron microscopy (SEM) image 
shown in Figure 2c (in the lower half of the picture). The stria-
tions appear along the main axis of the petal, and such stria-
tions are not observed with the smooth cells that are shown in 
the upper half of the same microscopy image. The H. trionum 
species of tulip (Figure 2d) also displays iridescence due to the 
presence of periodic striations that are observed on top of the 
purple-pigmented epidermis of the petal and can also be seen 
in an SEM image (Figure 2e).[25e] In contrast, the unorganized 
structure observed in the SEM image corresponding to the side 
of the tulip petal (Figure 2f) exhibits no iridescence.[27]
Whitney et al.[26] described the importance of these patterns 
in petals for biological purposes. They found that the H. trionum 
flower could interact with its pollinators, mainly bumblebees, 
through iridescent signals through to its diffraction gratings. 
In fact, the authors were able to teach bumblebees to identify 
replicas of iridescent H. trionum petals and distinguish them 
from other identical non-iridescent replicas of smooth petals.[26] 
Additionally, in 1985, Kevan and Lane[28] determined that the 
microtextures sculpted in the surface of flower petals act as a 
tactile cue used by bees during pollination. They found that 
honeybees were able to discriminate between petals with dif-
ferent textures, and to detect differences between textures 
existing at different ends of petals of the same species.[28]
The optical properties of the petals depend on the shape of 
the epithelial cells. Antoniou Kourounioti et al.,[27] found that in 
order to generate iridescence through diffraction gratings, epi-
thelial cells must be planar with very regular striations in the 
petal cuticle that have suitable spacing between them.
Indeed, such striations or wrinkles can either be parallel or 
perpendicular to the long axis of the epithelial cells. This vari-
ation in the orientation of the wrinkles can be found within 
the same plant[29] and for different plants; for instance, the ori-
entations of the wrinkles in H. trionum (Figure 2a–c)[26,30] and 
Kalanchoe blossfeldiana (Figure 2o–r)[23d] were found to be par-
allel and those of Yunnan rhododendron (Figure 2g,h), Ursinia 
calendulifolia (Figure 2i,j)[27] and daisy (Figure 2k–n)[23d] were 
found to be perpendicular to the long axis of the cells.
2.2. Cellulose-Based Biomimetic Films
The diffraction gratings or striations exhibited by plants, 
as described in the previous section, can be mimicked by 
cellulose-derived materials. Indeed, similar patterns were 
studied in the textures of shear-cast cellulose-based films that 
were prepared from cholesteric-liquid-crystalline precursor 
solutions.
Atomic force microscopy (AFM) was used to evaluate the 
amplitude of the surfaces of cellulose-based films prepared 
by shear casting (velocity of 5 mm s−1, top views are shown 
in Figure 3).[31] The precursors of the films were prepared 
from HPC/water solutions at different HPC concentrations, 
namely 30 (Figure 3a), 50 (Figure 3b), and 65 wt% (Figure 3c). 
As observed in the AFM images, the film prepared from an 
isotropic solution (30 wt%) did not show any patterning on the 
surfaces, whereas films prepared from liquid-crystalline pre-
cursor solutions (Figure 3b,c) clearly show regular micro and 
nanoscale patterns (striations) molded into the surfaces. Fur-
thermore, such patterns appeared on two different scale levels. 
On a large scale, a primary periodic set of bands was observed 
perpendicular to the shear direction, but a set of smaller bands 
appearing at a lower scale also appeared as a secondary peri-
odic pattern in the surface. While the primary bands are organ-
ized perpendicular to the shear direction, the direction of the 
secondary periodic striations was tilted relative to the primary 
bands. The authors demonstrated that the formation of regu-
larly sculpted gratings in the films and their spacing were 
directly dependent both on the composition of the precursor 
solution and on the processing parameters used to obtain the 
films. For instance, when comparing films prepared from the 
same precursor solutions (HPC/water 65 wt%) but using two 
different shear rates, the obtained films both ended up with 
similar topographies, although they had slightly different char-
acteristics. The increase in shear rate results in a decrease of 
the sculpted band periodicity.[31] The same conclusions were 
reached when comparing topographies of films obtained using 
the same processing conditions but from different precursor 
solutions. The authors found that as the concentration of the 
polymer solution increases, the periodicity of the bands tends 
to decrease.
As already mentioned, the secondary group of bands 
observed in HPC films is oriented along a certain angle (tilt) 
with respect to the shear direction. Interestingly, it was found 
that the angle described by such bands was also affected by the 
composition of the precursor solution. In fact, the tilt tends to 
decrease as the HPC concentration in the solution decreases 
(Figure 3g).
In addition, it was found that the angle variation of the 
molecular orientation in these secondary bands was out-of-
plane, as previously reported by Patnaik et al.[32] Indeed, these 
authors were the first to quantitatively estimate such an angle. 
In the same study, they reported the quantitative observation 
of such striations in HPC films. However, in this case, liquid-
crystalline solutions of HPC in acetic acid (AA) were used as 
the precursor materials.[32]
The analysis of the data and structure–property relationships 
indicated that it is indeed possible to tune the topography of the 
films to mimic the iridescence exhibited by plants. To achieve 
this goal, Fernandes et al.[33] reported iridescent sheared trans-
parent cellulose films for the first time (as shown in Figure 4e 
of the following section (Section 2.3)). The authors aimed to 
modulate the optical properties of the transparent HPC films 
(their periodic bands) and their mechanical properties, by 
incorporating CNCs into the liquid-crystalline precursor solu-
tions of the HPC/water system.[33] CNCs have been extensively 
used as polymer matrix reinforcement in order to improve the 
mechanical properties and to decrease the cost of the final com-
posite.[34] Fernandes et al.[33] incorporated a small amount of 
CNCs into the liquid-crystalline HPC system, which gave rise 
to a large improvement in the mechanical properties without 
destroying the liquid-crystalline order of the composite mate-
rial. These authors investigated the band structure on the films 
surfaces by AFM (Figure 3d–f) and found two sets of bands 
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similar to that which was observed in LC–HPC films. They con-
cluded that although CNCs help reinforce the composite, the 
development and periodicity of the bands are mainly dictated 
by the chiral nematic-liquid-crystal characteristics imposed by 
the initial precursor solution and the processing parameters. 
The alignment of the anisotropic structures that comprises 
the cellulosic liquid-crystalline phases gives rise to iridescent 
banded films. Therefore, a better understanding of the forma-
tion of these patterns and a deep understanding of the struc-
ture–property relationships of these cellulosic materials have 
become paramount. The uncoiling of the LC–HPC chiral 
nematic helix induced by shear and the elastic change that the 
LC–HPC system undergoes during the uncoiling of the helix 
were found experimentally.[18] Shear dependence and structure 
transformation of LC–HPC and LC–HPC/CNCs systems were 
studied by Rheo-NMR, which combines rheology and deute-
rium NMR.[35] From these studies, a critical shear rate at which 
the chiral nematic phase is uncoiled could be found. In addi-
tion, the incorporation of a small amount of CNCs (<2 wt%) 
into the LC–HPC solution affects the mobility of the polymer 
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Figure 3. Tuning cellulose-based gratings. a–c) AFM top-view images to determine the amplitude scan of the striations in cellulose-based sheared 
films prepared from different HPC/water concentrations (shear rate 5 mm s−1) from a) isotropic and b,c) liquid-crystalline solutions. Reproduced 
with permission.[31] Copyright 2002, American Chemical Society. d) 3D topography image (20 µm × 20 µm scan) of the free surface of a film prepared 
from a liquid-crystalline solution with added NCC rods. e) Height-profile analysis at the two cross-sections; AA′ and BB′. The red arrows, along the 
AA′ and BB′ lines, indicate the points taken for the measurements of the height profile. AA′ demonstrates the characteristic properties of the primary 
bands (h1 and Δl1) and BB′ highlights those of the secondary bands (h2 and Δl2) (given in (g)). f) Top-view image of the amplitude scan of the surface 
shown in (d). The secondary set of bands is at an angle of Δθ1 to the shear direction. The horizontal distance between the line that joins both valley 
coordinates of a secondary band and the point obtained from the projection of the peak of the same secondary band on the horizontal plane, ΔlOP, 
is used to calculate the out-of-plane angle of the sinusoidal variation in the molecular orientation, θp. Defects occurring in the film surface give extra 
branched layers inserted at an angle ΔθLB. ΔθSB is the angle that the small bands make with the shear direction. d–g) Reproduced with permission.[33] 
Copyright 2013, Wiley-VCH.
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chains, which implies that more strain is necessary to induce 
some degree of order.[35b] In conclusion, the obtained results 
helped establish structure–property relationships that can lead 
to improvements in processing strategies for the preparation of 
materials with controlled alignments and topographies.
Taking advantage of the anisotropic orientation of cellu-
losic liquid-crystalline polymers, fixed at the surface of the 
film, Cosutchi et al.[36] proposed a new approach for patterning 
(sculpting) the nanostructures of epiclon-based polyimide films 
using LC–HPC films as templates. Polyimide (PI) is widely 
used in biomedical applications, for instance as microstruc-
tured substrates for contact guidance of cell growth. To control 
the morphology of cells grown on the PI substrates, several 
techniques have been used to modulate the topography; how-
ever, such techniques have drawbacks such as contamination 
or even generation of static electricity, which dramatically affect 
the arrangement of the cells in the substrate. To overcome this 
issue Cosutchi et al.[37] prepared blends of the PI precursor, 
polyamic acid, and HPC in N,N-dimethylacetamide at different 
ratios. The obtained films were then crosslinked by exposure 
to UV light, and finally, the liquid-crystal template was further 
removed using a solvent (acetone) that is selective for HPC. 
The analysis of the surfaces of the films led to the conclusion 
that their morphologies were highly dependent on the composi-
tion of the blend. Interestingly, they found a blend prepared at 
a ratio of 50PAA/50HPC (w/w) gave rise to a film with a higher 
degree of order after removal of the HPC matrix; a high enough 
order that a third set of periodic band patterns was observed. 
As stated by Cosutchi et al.,[36] this new approach could provide 
additional tools in order to tune the surface morphology for cell-
culture substrates. Previously, Mori et al.[38] also took advantage 
of the patterns developed on the surfaces of the LC–HPC films 
and used them as alignment layers for low-molar-mass nematic 
LC. In the LCD technology, rubbing is among the most com-
monly used procedures to achieve a planar alignment of the 
LC molecules. The authors demonstrated that planar liquid-
crystal alignment could be achieved by using HPC patterned 
films. They took advantage of the high degree of orientation 
obtained by shear casting of LC–HPC solutions, and the sta-
bility of the formed pattern that was maintained after solvent 
evaporation.[38]
2.3. Wrinkled Surfaces, Diffraction Optics, and Proposed 
Mechanism for Grating Formation
The mechanism by which the wrinkles in plants form is not 
well understood. One possibility is that the grating of the plants 
could be the result of compressive strain in a stiff film resting 
on an elastic substrate.[39] Understanding such phenomena 
could be crucial to elucidating how plants form such regular 
structures that allow the communication between species 
through the light.
Another possible mechanism was proposed by Antoniou 
Kourounioti et al.[27] who suggested that the wrinkles are 
formed during the anisotropic growth of the petal cells and the 
isotropic production of the cuticle. They indicated that, during 
petal growth, cells expand, and the cuticle layer is deposited 
during expansion. Because of this dynamic process, ordered, 
disordered, and smooth surface patterns develop. Regular pat-
terns appear in the petals due to compressive forces perpen-
dicular and tension forces parallel to the wrinkles. Disordered 
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Figure 4. Iridescence of the “Queen of the Night” tulip and cellulose-based films. a) Optical spectrum of the tulip epidermal layer. The intensity is 
plotted on a violet-to-red color scale, and the collection angle 0° corresponds to the specular reflection direction. b) Optical transmission micro-
scopy image of the petal epidermis. c) Diffraction pattern of the epidermis. a–c) Adapted under the terms of CC BY 3.0 License.[25e] Copyright 
2013, The Authors. Published by the Royal Society. d) Diffraction pattern of one of the gratings (4.0 ± 2 µm) in the reflection observed in a solid 
film cast from an HPC/water solution with 0.1 wt% CNCs. e) Transmission polarizing optical microscopy image, taken between crossed polarizers, 
showing the bands that occur after applying the shear and that were locked in the films after solvent evaporation. The inset in (e) shows a photo 
of the reflection of an HPC film, illuminated with white light. The variation of the film colors depends on the light incidence angle. f) Schematic 
representation of the SALS measurement geometry and detector set-up. The laser light (λ = 632 nm) incidence angle, θi, was equal to 30°. The 
light is reflected by the surface of the films at an angle of θd = θi ± θ′. g) Influence of solution concentration and CNC particles on the periodicity 
of large gratings, d, for shear-cast solid films prepared from different HPC/water solutions (HPC wt%): ⋆, films with HPC/NCC and ■, HPC films. 
d–g) Adapted with permission.[33] Copyright 2013, Wiley-VCH.
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patterns, in contrast, reflect biaxial compression, and smooth 
surfaces can be attributed to biaxial tension. In this regard, the 
biomechanical model suggests that spacing in the diffraction 
gratings is controlled by the cuticle thickness, which is directly 
dependent on the polymerization of the cuticle component.[27] 
The mathematical model predicts how these parameters relate 
to the cell characteristics, such as cell shape and expansion, and 
the cuticle production rate of the plants could affect the wrinkle 
formation.
Diffraction gratings, wrinkles, and striations formed in 
plants diffract monochromatic incident light in different 
angular directions. This implies that light is not just reflected 
but also scattered in the plane perpendicular to the wrinkle 
directions. When white light is incident on the surface, a 
resulting rainbow-like color dispersion perpendicular to the 
lines of the diffraction grating is observed. Variations in the 
angle of the incident light causes iridescence.[27,40] One example 
of iridescence occurring in the Queen of the Night tulip is 
described in Figure 4a–c,[25e,33] and the optical signature of the 
epidermal layer of the tulip petal is shown. Figure 4b shows an 
optical transmission microscopy image of the petal epidermis. 
The results of the analysis indicate that the surface of the epi-
dermis is not perfectly flat since the specular reflected signal 
is visible not only at 0° but also at angles from −10° to 10°.[25e]
As described previously, it was possible to mimic the irides-
cence of this plant in cellulosic films obtained from LC–HPC 
and CNC composites, and the iridescence of these films was 
confirmed as described in Figure 4d–g.[33] The surface struc-
tures of the solid film composite obtained from a cellulosic 
liquid-crystal solution of LC–HPC containing 0.1 wt% of CNCs 
have been investigated. The diffraction pattern presented in 
Figure 4d shows a periodicity perpendicular to the shear direc-
tion, which was applied during shear casting to the precursor 
solution. This pattern was confirmed by transmission polar-
izing optical microscopy images of LC–HPC composite films 
(Figure 4e). Such bands consisted of light and dark domains 
aligned perpendicular to the shear directions. The periodic dif-
fraction features are consistent with the periodic wrinkles that 
develop during the formation of the film and are locked when 
the solvent evaporates. This phenomenon is directly related to 
the relaxation process that occurs immediately after the shear 
is applied to the precursor solution. The methodology used to 
characterize the film was small-angle light scattering (SALS), 
which involves analysis of the diffraction pattern caused by 
the interaction of laser light with the wrinkles of the film,[33] 
a schematic of which is shown in Figure 4f. The authors con-
firmed that the developed patterns were directly dependent on 
the precursor solutions. In this case, as described in Figure 4g, 
the incorporation of CNCs contributed to a slight increase 
in the grating periodicity. This variation was attributed to the 
addition of the CNCs rods, which increased the mechanical ani-
sotropy of the films.
To better understand the mechanism behind the wrinkle 
formation, Rofouie et al.,[41] developed a theoretical model 
that combined the elasticity of a membrane or film, and the 
anchoring of a liquid crystal. This model allowed the explana-
tion of multiple and different sets of periodicities for wrinkles 
found in many flower petals, plant leaves,[23b,24] and polymeric 
sheets.[42] The authors proposed a physical model called the 
“cholesteric-liquid-crystal membrane model” (CLC-M), which 
integrates the physical characteristics of both liquid crystals and 
membranes.[41a] Focusing on the cholesteric-liquid-crystal (CLC) 
material model, the generalized shape equation for anisotropic 
interfaces using Rapini–Papoular anchoring potentials and Hel-
frich free energies was applied with the aim of understanding 
the formation of patterns showing multiple length scales 
similar to those found in floral petals. It included the liquid-
crystal anisotropy of biologic materials, the bending elasticity 
of surfactant-like molecules, and substrate cholesteric order. 
As described by the authors and shown in Figure 5a,b,[41a] in 
the absence of liquid-crystal anchoring, the CLC-M model con-
verges to classical elastic membrane behavior (Figure 5a), and, 
in the absence of an interfacial surfactant layer, it converges 
to the liquid-crystal interface model. When the anchoring and 
bending are comparable then they demonstrated the forma-
tion of multiscale complex patterns. In addition, the authors 
built up a morphology phase diagram in which pattern selec-
tion is dependent on the liquid-crystal anchoring strength and 
the bending elasticity of the membrane. The obtained diagram 
allowed the prediction of which pattern will develop depending 
on the properties of the membrane. They identified that folding 
occurs at weak anchoring and high bending elasticity, whereas 
wrinkling requires strong anchoring and low bending elastici-
ties (Figure 5c). The authors concluded that it could be possible 
to understand the formation of periodicities in biological films 
using LC anisotropy. In addition, the presented model could be 
very useful in interpreting the formation of striations experi-
mentally observed in LC–HPC systems that were discussed ear-
lier here.[31,33]
3. Cellulose-Based Systems Mimicking the Cuticle 
Photonic Structures of Fruits and Beetles
In this section, some examples of fruits and animals with struc-
tural coloration derived from chiral nematic organization will 
be discussed and used as inspiration for biomimetic structures 
produced from cellulose-based systems. Then, solid iridescent 
photonic cellulose-based structures obtained by self-organiza-
tion from LC mesogenic building blocks that mimic the pho-
tonic structures found in nature will be addressed.
3.1. Chiral Nematic Films in Plants and Animals
Natural species make the world colorful and give us a rich color 
palette. Colors can be generated in nature via three main mech-
anisms; first, by the selective absorption of light by pigments 
through photoelectric energy consumption and conversion; 
second, through the interaction of light with micro or nano-
structured or unstructured tissues; or third, by a combination of 
pigments and micro–nanostructures that either can enhance or 
reduce brilliancy or induce other special optical effects.[43] The 
second mechanism, referred to as structural color, can occur 
through one of several optical processes such as thin-layer and 
multilayer interferences, diffraction gratings, zero-order dif-
fraction, light scattering, and photonic crystals.[43a,44] This phe-
nomenon is a result of 500 million years of evolution, and has 
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been finely tuned by natural selection, to give rise to structural 
colorations that play a role in many biological functions, such 
as signaling, mimicking, choosing a mate, dispersing seeds, 
attracting pollinators, or escaping from predators.[43c,45] Struc-
tural coloration can generate an assortment of complex optical 
effects ranging from iridescent and metallic colors to brilliant 
white or black.[46]
The biological role of structural coloration has been a sub-
ject of research for several years. This phenomenon is better 
understood in animals than it is in plants, and for plants, the 
main subjects of study are their flowers and leaves.[25e,43a,47] For 
example, in 1975, Lee and Lowry[48] presented an explanation 
for the blue-green iridescent appearance of the leaves of terres-
trial plants from tropical rainforests. The authors measured the 
reflectance of direct light on the leaves of Selaginella willdenovii, 
and, based on microscopy observations, they proposed that 
their coloration was caused by a thin-film quarter-wavelength 
interference filter present on the upper cell wall of the epi-
dermis instead of a pigment that had previously been assumed. 
The authors even suggested that, based on the available data, 
which did not include SEM observations, the structural colora-
tion emerged from the cellulose orientation in the cell walls of 
the leaves. The biological function of this iridescence was elu-
cidated, and it was attributed to the need to overcome low light 
intensity on the rainforest floor in order for the plant to con-
tinue to photosynthesize.[48] Nevertheless, iridescence was even 
less understood in fruits. In 1991, Lee[49] discovered that unlike 
that which was understood up to that point, some fruits, such 
as the Elaeocarpus angustifolius Blume, could present a bright, 
iridescent blue color through the structural reflection of light 
from the cuticle of the fruit, in much the same way as is seen in 
animals, marine algae, and some vascular plants. In that report, 
the author measured a maximum reflection peak at 439 ± 2 nm, 
and, with light and transmission electron microscopy images, 
they could identify a layered structure beneath the outer epi-
dermis of the cell wall with a layer thickness and spacing on the 
order of a few nanometers (≈78 and 39 nm, respectively). The 
lower value of the thickness of the film compared with the values 
of pitch that could be determined by Equation (1) arises from 
the usage of the thin-film interference equation: thickness = 
λ/4µ cosθ, where λ is the peak wavelength for constructive 
interference, θ is the refracted angle of light and µ is the refrac-
tive index of the thin-film (1.35–1.45). The author concluded 
that this 3D lattice should intensify the color production, as is 
observed on the wing scales of Morpho butterflies, and showed 
that this structure was composed of polysaccharides layers 
including cellulose.[49]
It is now accepted that mimicry is the main function of 
structural coloration in fruits. In this manner, the strong col-
oration reflected by the fruits of some plants, for instance Pollia 
condensata, facilitates their detection by animals and attracts 
the plant’s seed dispersers. These fruits that mimic fresh and 
nutritious fruits, which have low nutritional value resulting in 
a lower need for fresh pulp production by the plant, are respon-
sible for maintaining the reproductive cycle of the plant. Struc-
tural colors do not fade, and, in fruits, this bright coloration is 
maintained after the fruit is picked or has fallen from the plant, 
increasing its probability of being further dispersed.[45a] In the 
past decade, further advances have been made toward under-
standing this optical phenomenon mainly due to the evolution 
of optical and microscopy techniques and the scientific interest 
in the use of structural coloration in man-made materials. In 
Figure 6a, one can see a good example of a brilliant, intense, 
and iridescent blue coloration in a fruit from the species Pollia 
condensata that C. B. Clarke preserved in the herbarium of the 
Royal Botanic Gardens, Kew, UK.[45a] Remarkably, the fruit, col-
lected in 1974, retains its strong blue coloration, and Vignolini 
et al.[45a] examined the photonic response of the fruit regarding 
its anatomy. The plant, a pantropical and warm-temperate 
genus originating from an African forest understory species, 
produces as many as 40 round metallic pixilated blue fruits, as 
shown in the cluster in Figure 6b. Each fruit can contain up 
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Figure 5. CLC membrane model. Schematic of a cross-section of a chiral nematic membrane in the a) absence and b) presence of surfactants at an 
LC-free surface. The rods in the substrate layer denote the orientation of the liquid crystal: the top red surfaces depict the surface morphologies, and 
the surfactant molecules are denoted by the polar head (red) and two tails. The cholesteric axis H is along the “x” axis, the normal surface is k, the 
tangent surface is t, the normal angle is j, the l’s on the top schematics denote wavelengths, and the compression direction is “x”. c) The anchoring/
chirality/bending interactions creating multiple periodic wrinkles. Reproduced with permission.[41a] Copyright 2016, Royal Society of Chemistry.
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to 18 hard, dry seeds, and sometimes, in the forest, the color 
can even be seen between completely dead shoots. Observing 
the cross-section of one fruit, the top epicarp layer, composed 
of three to four layers of thick-walled cells, show a periodic 
multilayered envelope that reflects blue iridescence. The light 
transmitted through these cells was, according to the authors, 
absorbed by the brown tannin present in the middle layer, 
which enhanced the strong blue coloration.[45a] This combina-
tion of pigments and multilayer interference with light is com-
parable to the mechanisms observed in the structurally colored 
birds and butterflies.[43b] The remaining light, according to the 
authors, is scattered by the inner center layer. Using a higher 
magnification on the top layer of cells, the cross-section image 
shows a multilayer helical structure (Figure 6c).[45a] This struc-
ture, consisting of building blocks assembled into helicoidal 
architectures, can be found in both animals and plants.[50]
The study of the strikingly colored fruit of Pollia received 
much attention from the scientific and general communities 
and inspired further research into the understanding of the 
origin of structural coloration of other fruits and ways to mim-
icking those structures synthetically. Another good example is 
the fruit of Margaritaria nobilis, a forest tree from Central and 
South America. In 2013, Kolle et al.[51] showed a multilayered 
structure that causes the fruits of that tree to have a bright 
blue-green coloration. This fruit received further attention by 
Vignolini’s group, and, with high magnification, cross-section 
transmission electron microscopy (TEM) images of the pericarp 
cell wall of the fruit showed evidence that this layered structure 
is helicoidal, similarly to that which was observed in Pollia.[52]
For the upper cell wall of the Pollia fruit the maximum 
reflectivity is obtained when the difference between the refrac-
tive index of the cellulose fibrils and the matrix is low, which 
minimizes scattering. Considering that for dried cellulose an 
average n is 1.53 and an average value is P/2 = 145 nm, for a 
normal light incidence, Equation (1) from Section 1.1 can be 
used to determine a value of λ (≈445 nm). This wavelength is in 
accordance with the observed blue coloration.[45a]
The cuticles of beetles, the wings of butterflies, and the barbs 
of many birds have been the focus of elucidating the origin of 
structural coloration for decades and these materials have been 
more carefully studied than other plants and fruits. Neverthe-
less, to establish relationships between chemical composi-
tion, structural morphology at the micro and nanoscale, and 
mechanical constraints, a set of different investigation methods 
was used. More recently, further attention has been paid by the 
scientific community to the study of beetles regarding the huge 
variety of optical effects observed, but also bearing in mind their 
significance as “jewels” and ornaments throughout history.[53,54] 
For instance, Sharma et al.[53] examined the exocuticle of the 
Chrysina gloriosa (or Plusiotis gloriosa) beetle, which possesses a 
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Figure 6. Chiral nematic order in plants and animals. a,b) Photographs of Pollia condensata fruits. a) Single fruit with a brilliant pixelated iridescent 
appearance with green and purple/red dots. b) Cluster of fruits; each fruit is ≈5 mm in diameter. c) TEM image of the cellulose microfibrils that con-
stitute a thick cell wall; the pink lines underline the twisting direction of the microfibrils. Reproduced with permission.[45a] Copyright 2012, National 
Academy of Sciences. d,e) Photographs of the C. gloriosa beetle. The bright green color observed with left circularly polarized light (d) almost entirely 
vanishes when observed with RCP light (e). f) SEM image showing chitin layers and the top waxy layer. Reproduced with permission.[53] Copyright 2009, 
American Association for the Advancement of Science.
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brilliant metallic green appearance and selectively reflects LCP 
light (Figure 6d). If the beetle is observed using a right circular 
polarizer, the characteristic reflection vanishes (Figure 6e).[53] 
The phenomenon of the selective reflection of circularly polar-
ized light in certain species of beetles is not recent and was 
described in Scarabaeidae beetles, which have been investigated 
for almost a century.[55] In a fully grown beetle, a circular polari-
zation of light is observed when the birefringent chitin layers 
are deposited helically, with one revolution (corresponding to 
the pitch in Equation (1)), equivalent to the wavelength of vis-
ible light, similar to a chiral nematic liquid crystal.[54a] Regard-
less of the well-established origin of the circular polarization 
of light by the scarab cuticle, the adaptive significance of this 
property is still not understood.[56] An investigation performed 
by Sharma et al.[53] showed the existence of a helicoidal multi-
layered structure within the cuticles of the beetles (Figure 6f), 
and a broad band of reflectance wavelengths ranging from 500 
to 600 nm with two maximum peaks at 530 and 580 nm were 
detected, as observed by other authors. Still, with the use of 
AFM and confocal microscopy, the authors could see further 
similarities between the exocuticles of the beetles and CLCs. 
They obtained 3D images of a structure on the exoskeleton of 
the beetles that resembles the focal conical textures seen on the 
free surfaces of the chiral nematic liquid crystals prepared from 
anisotropic aqueous solutions of HPC[8] and on self-assembled 
solid films prepared from cellulose nanocrystals.[57] In these 
spiral arrangements, the periodic structure resulting from the 
cholesteric pitch is superimposed on a fat cone like that which 
is observed in chiral nematic LCs, the focal conic shapes in the 
exocuticles of the beetles exhibit near-hexagonal packing.[53]
Recently, with the aid of advanced spectroscopic tech-
niques Onelli et al.[54c] showed the distinct stages involved 
in the development of the exocuticle of the dock leaf beetle 
(Gastrophysa viridula) during metamorphosis. Interestingly, 
from the experimental data, the authors could conclude that 
the genesis of the multiple layers at the root of the structural 
coloration is the polymerization of melanin in the outer exo-
cuticle during the ecdysis stage (during which the beetle moults 
the exoskeleton of the pupa) and the increase in the distance 
between layers during the sclerotization of the cuticle (during 
which the beetle’s cuticle hardens).[54c]
3.2. Cellulose-Based Photonic Films
2D structures or thin films with thicknesses of the order of 
≈20–100 µm have been produced from cellulose-based chiral 
liquid-crystalline solutions/suspensions using several similar 
techniques, although such films are most commonly prepared 
by solvent-casting. For instance, in 1987, Charlet and Gray[58] 
used circular dichroism to show that films cast from LC–HPC/
H2O solutions assume a planar chiral nematic arrangement 
with half-pitch values of the order of 100–200 nm. A year later, 
Giasson et al.[59] used transmission electron microscopy to 
show that a chiral nematic arrangement of cellulose and cel-
lulose acetate chiral nematic films could be observed, and this 
work confirmed that the cellulose had a strong tendency to 
self-assemble into helical structures not only in plants but also 
in laboratory settings (in vitro). Since then, several techniques 
have been developed that allow a better understanding of the 
chiral nematic structures at the macro-, micro, and nanoscopic 
levels.[19] The chiral nematic structures of the CNC aqueous 
suspensions could also be retained upon solvent evaporation to 
afford brightly colored solid films that change color depending 
on the angle of the viewer.[60] However, a number of parameters 
affect the morphology of the final solid structure; these param-
eters include the ionic strength of the CNCs, the concentra-
tion of the suspension, exposure to magnetic, electric, or shear 
fields, the drying rate of the solvent, and the handling of the LC 
mesophase.[10,15c,17,19,20,60,61]
As shown in Figure 7a,[62] the CNC photonic films present 
remarkable optical properties, such as iridescence and the selec-
tive reflection of LCP and transmission of RCP light.[63] Since 
the CNC chiral nematic helix is left-handed, complete reflec-
tion of LCP light (Figure 7aI), and transmission of RCP light 
is observed along with the concomitant extinction of color 
(Figure 7aII), which is observed for the cuticles (silhouette) of 
the beetle Chrysina optima[55] (or Plusiotis optima). The black cir-
cular marker in Figure 7a shows the area of the sample that was 
analyzed in Figure 7c–e. The periodic chiral nematic arrange-
ment of the CNCs in the solid film can clearly be observed in 
the SEM image shown in Figure 7b, in which a cross-section 
of the film (presented in Figure 7a) shows the details of a 
chiral nematic region with a half pitch of 173 ± 15 nm.[62] This 
image demonstrates that the pitch value is at the origin of the 
reflection of the colors of the film in the highlighted region. A 
detailed observation of Figure 7a shows that the color of the film 
is not uniform throughout the sample, and the variations are 
more noticeable when viewed at the microscopic level. When 
the sample is observed with a right circular polarizer, a color-
less image is seen (Figure 7c), which confirms the macroscopic 
observations. Polarizing optical microscopy (POM), Figure 7d, 
revealed that the reflection of LCP light appears at certain 
wavelengths.[62] Dumanli et al.[63] performed a very interesting 
study on a similar CNC film, in which clear color transitions 
between different periodic domains were related to the chiral 
nematic pitch. In this work, the authors interpreted the results 
as a consequence of the size-selective self-assembly processes 
during solvent evaporation, and the surface and chiral nematic 
energies were competing to determine the structure of the 
helix.[63] POM observations showed that the size of the distinctly 
colored domains varied from a few micrometers to tens of 
micrometers and were highly dependent on the conditions used 
to prepare the film. The authors observed the left helicoidal 
structure and several multilayers with precise pitch values in 
high-magnification SEM images. In certain color domains, the 
SEM images showed well-defined pitch values with defects at the 
grain boundaries separating the color domains.[63] The defects, 
resulting from the change in pitch, represent disruptions in the 
orientational order. From the reflectance spectra of each colored 
region, the authors calculated the value of the pitch using 
Equation (1) (Section 1.1), which were well correlated with the 
values observed in SEM images. The authors suggested that this 
non-invasive technique could be used as an alternative for the 
determination of the pitch values of chiral nematic CNC films 
with reflections within the visible spectrum.[63] In Figure 7e 
an example of the reflectance spectra obtained for LCP and 
RCP light is presented. While the RCP light spectrum has no 
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maximum wavelength, LCP light is reflected over a broad range 
of wavelengths centered at λ = 548 nm. Considering the refrac-
tive index of solid CNC is 1.56, one can predict a half-pitch value 
centered at 176 nm, which is in good agreement with what was 
observed in the SEM image given in Figure 7b.[62]
Recently, Licen et al.[65] demonstrated that if solvent evapo-
ration is coupled with a weak circular shear flow during the 
preparation of the CNCs films the materials produced will 
have larger and more uniform color domains. Using SEM, the 
authors showed an improvement in the structural periodicity 
across the entire depth of the sample. It was proposed that the 
rotational shear flow decreased the formation of concentration 
gradients during solvent evaporation, which delayed the kinetic 
arrest (or gelation) of the chiral nematic structure at the surface 
layer and caused a uniform, chiral nematic helix to form ver-
tically throughout the whole sample. Despite these interesting 
results, the width of the selective reflection peak of the films 
was an order of magnitude larger than expected for an ideal 
helically modulated structure. The authors suggested that this 
originates from structural imperfections in the photonic struc-
ture, which correspond to spatial variations in the helical pitch 
and orientation of the helical axis in the substrate.[65] Notably, 
the kinetic arrest or glassy state is the state in which no further 
helical organization can occur.[66]
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Figure 7. The structural colors of cellulose films. a) Photograph of a CNC film observed through circularly polarized light with a left-handed helical 
structure as seen in Plusiotis optima (silhouette) cuticles (I: RCP and II: LCP light channels). The circular marker represents the area of the sample 
analyzed in (c) and (d). b) SEM image of the cross-section of a CNC solid film showing the details of a cholesteric region with a pitch of 173 ± 15 nm. 
c,d) Images of optical polarized CNC films reflecting RCP and LCP light, respectively; the scale bar is 50 µm. e) Reflectance spectra of the film for both 
LCP and RCP light channels. Adapted with permission.[62] Copyright 2016, Wiley-VCH. f–j) Images of structurally colored CNC films obtained from sus-
pensions treated with different levels of ultrasonic energy (0, 250, 700, 1800, and 7200 J g−1 CNC from (f) to (j), respectively). Viewing is normal to the 
film surface under diffuse lighting. The scale bar is 1 cm. Reproduced with permission.[64] Copyright 2011, American Chemical Society. k) Photograph 
of CNC film and l–n) from CNC/PEG composite films that show various structural colors under illumination with white light; the composition ratios 
were 90/10, 80/20, and 70/30, respectively; the scale bar is 2.5 cm. Adapted with permission[34a] Copyright 2017, Wiley-VCH.
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While obtaining CNC films with uniform and controlled 
optical properties has been an enormous challenge, numerous 
studies have found very interesting results. For example, in 
2011, Beck et al.[64] found that ultrasonic treatment, which is 
normally used to disperse CNC aggregates, could permanently 
influence the pitch of the liquid-crystalline suspension. By 
applying different amounts of energy, the authors could tune 
the color reflected by the films from blue to red, Figure 7f–j, 
respectively. A bound-water layer or a gel layer of sulfate-sub-
stituted oligosaccharides surrounds the cellulose nanocrystal 
during hydrolysis. Here, ions become trapped and are not 
discharged during the several subsequent purification steps. 
The authors suggested that the ultrasonic energy added to the 
suspension allows the release of the trapped ions, causing an 
increase in the electrostatic double layer of the CNCs and weak-
ening chiral interactions between particles. This phenomenon 
explains the hindrance on the anisotropic phase formation, 
which is ultimately translated into a higher pitch value in solid 
films. Moreover, the redshift in wavelength triggered by soni-
cation is reversible if NaCl is added as an electrolyte, since it 
increases the ionic strength of the suspension.[64]
As mentioned in Section 1.1, a change in the ionic strength 
of a given aqueous suspension of CNCs affects the formation 
of the anisotropic phase, leading to an increase of the C* of the 
anisotropic phase formation.[17] Because the cellulose nanocrys-
tals are, as a whole, negatively charged, addition of NaCl to 
the suspension makes the sodium ions interact more strongly 
with the surface of the CNCs; this shields the surface charges, 
which decreases the effect of the Coulomb repulsions.[19] 
Stroobants et al.[67] proposed that the twisting forces between 
polyelectrolyte particles will prevent them from aligning in a 
parallel manner, which will shift the Onsager isotropic–aniso-
tropic phase transition to higher concentrations. This means 
that the critical concentration necessary to spontaneously form 
the chiral nematic phase is directly dependent on the electro-
lyte concentration. An increase in pitch values with decreasing 
NaCl concentration was also observed by the authors.[19]
The formation of the chiral nematic phase of the CNCs can 
also be affected by the presence of organic molecules, such as 
glucose[68] and polymers. More recently, Yao et al.[34a] observed 
the influence of poly(ethylene glycol) (PEG) on the structural 
color of CNCs films. Starting by adding up to 30% PEG to an 
aqueous biphasic CNC suspension and with a tight control of 
temperature, relative humidity, and solvent-evaporation condi-
tions, large areas of CNC films can be obtained, as shown in 
Figure 6k–n. While a pristine CNC film has multistructural 
color domains and is very brittle, the CNC films with added 
PEG are flexible and reflect a specific wavelength of light within 
the visible range. An increase in the PEG content induces a 
redshift of the reflectance peaks as a result of an increase in 
the helical pitch caused by PEG intercalation. The authors sug-
gested that the structural uniformity might be explained by the 
excluded volume effect caused by the presence of PEG, which 
inhibits the growth of tactoids.[69] Their consequent coalescence 
affects the surface tension of the CNC/PEG suspension upon 
solvent evaporation in air, thus altering the orientational order 
of the resultant film.[70]
In pioneering work by Shopsowitz et al., templating tech-
niques were used to produce remarkable supramolecular 
tunable chiral nematic silica films derived from CNC liquid-
crystalline structures.[71] Since then, a rich variety of materials 
with surprising functionalities have been produced using 
similar templating techniques, for instance the examples 
cited herein.[72] These materials combine new functions with 
those derived from the mesoporosity, photonic properties, and 
the chiral nematic organization. Therefore, one can envisage 
a large number of applications for these materials and the 
importance of this growing field. However, since cellulose is 
not present in the final product and specific and well-written 
reviews[73] can already be found in the literature, a section 
devoted to these systems was not considered to be in the scope 
here.
4. Cellulose-Based Films that Mimic the 
Movements of Hydro-Responsive Plants
Humidity-driven bending, unbending, curling, and twisting 
movements observed in plants are an inspiration for the design 
of novel biomimetic materials. Interestingly, these movements 
are also observed in dead plant tissues. Anisotropic cellulose-
based micro/nanostructures, which are specifically designed to 
change shape when environmental conditions change, are at 
the genesis of the responsiveness of these materials.[74] In this 
section, we will focus on both natural and synthetic cellulose-
based moisture-responsive materials.
4.1. Hydro-Responsive Motion of Plants
Systems of plants composed of dead tissues that do not require 
further input or energy from the organism, since their growth 
is complete, are of great interest for the development of bio-
mimetic materials and devices.[75] The adaptive movements of 
plants have inspired material scientists and engineers pursuing 
biomimetic materials and actuating devices that can change 
shape in response to environmental stimuli. Anisotropic cel-
lulose-based micro and nanostructures that are specifically 
designed to change shape when the environmental condi-
tions change are at the origin of the movements observed.[76] 
The movements of plants rely on water-content differentia-
tion within the plant cell tissues, i.e., the water is able to flow 
across the tissue, inflating the cells on one side and shrinking 
the cells on the other, thus generating movement, which can 
also occur in nonliving fragments of plants.[75,77] The most 
common dead tissues with hygroscopic behavior are cell walls 
with crystalline cellulose microfibrils embedded in an amor-
phous matrix of polysaccharides, aromatic compounds, and 
structural proteins. A wide range of intricate movements in 
plants can be activated by a number of water-controlled actu-
ators that combine diverse layers of cellulose.[78] The driving 
forces for these processes are the formation or breaking of 
hydrogen bonds and the entropic forces associated with the 
dilution of the molecular or macromolecular components. 
These swelling processes are easily reversible and can be con-
trolled by variations in the humidity of the environment or by 
changing the chemical potential of the swelling agent, since no 
intramolecular bonds are broken.[75]
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For instance, the water-absorption-driven motion of the 
entire dead skeleton of the true rose of Jericho, Anastatica 
hierochuntica, a desert plant, is associated with the seed-dis-
persal process. Seed dispersal is achieved by the uncurling 
motion of dead branches that consist of dead cellulosic tissue, 
which allows rain water to open the fruit valves and release 
the seeds.[79] The spikemoss Selaginella lepidophylla, shown in 
Figure 8a,b, shows moisture-driven motion via a set of inner 
and outer stems that respond to water in different manners 
(Figure 8c,d). This mechanism is crucial for plant survival 
because it limits photoinhibitory and thermal damage and pro-
vides a means of overcoming stress due to bright lights, high 
temperatures, and water deficit.[80] In the presence of water, the 
stems are flat, but, upon dehydration, they fold and curl into 
well-packed spherical nest shapes. The stems can curl/uncurl 
over several dehydration/hydration cycles without structural 
damage. The driving force for stem curling is the cell wall 
shrinking due to water loss within the internal capillary spaces 
of parallel cellulose fibers in the cell walls. These hydration 
changes result in anisotropic swelling and shrinkage and can 
therefore cause plant motion.[81]
Another example of dead plant structures that change 
shape in response to water content is pinecones. Pinecones 
fold their scales when the atmosphere is humid, preventing 
seed dispersion, whereas on dry days, the scales open, and the 
seeds are released and carried by the wind.[82] Scale cellulose 
fibrils are asymmetrically oriented, and this layout is respon-
sible for the translation of local swelling/shrinking to a global 
bending movement.[83] Recently, it was discovered that hygro-
scopic motion is still possible in coalified conifer cones from 
the Eemian Interglacial period (≈126 000–113 000 years ago) 
and from the Middle Miocene period (≈16.5–11.5 million years 
ago).[84] Hygroscopic movement is also ubiquitous in plants 
that rely on spore dispersion, i.e., the spores deform as they dry, 
causing the sporangia to open and release its spores.[85] A fas-
cinating example is Equisetum spores, which are composed of 
four elaters, flexible ribbon-like appendages, wrapped around 
the main spore body that, upon dehydration, unfold and propel 
the spore. The elaters fold back in humid air, allowing the 
spores to move in a random direction. This mechanism allows 
very efficient spore dispersal and overcomes adhesion to the 
plant or to neighboring spores.[86]
Some seedpods that are hierarchical composite materials also 
present macroscopic deformations that originate in nanoscale 
anisotropy expansion within the tissues.[87] In particular, the 
Leucaena, Jacaranda, and Erythina pods open up through pro-
gressive bending and twisting due to dehydration.[74] The 
opening of chiral seed pods is a nontrivial example of moisture-
driven motion, in which two initially flat pod valves curl into 
helical strips of opposite handedness. The bilayer structure of 
the pod valves contains microfibrils oriented perpendicular 
to each other and at 45° to the pod axis. As the percentage of 
water in the pods decreases, the two layers shrink along per-
pendicular axes leading to shape distortion.[88]
Wheat Triticum turgidum awns are an example of a nat-
ural hygroscopic device with a complex hierarchical system 
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Figure 8. Humidity-driven passive movements of plants. a) Hydrated and b) desiccated Selaginella lepidophylla. S. lepidophylla has young stems near 
the center and old stems near the edge of the plant. c) Hydrated inner stems and d) dehydrated outer stem of S. lepidophylla. Both stems exhibit large 
deformation with distinct curling patterns. a–d) Adapted under the terms of the Creative Commons Attribution 4.0 International License.[81] Copyright 
2015, Nature Publishing Group. e) Picture of ripe wild wheat inflorescence. f) Pictures of one dispersal unit at 90% (left) and at 40% relative humidity 
(right). The awns bend at their base at low humidity (square). The active (ac) and resistance (res) parts are marked. g) SEM image of the bending 
region of the awns in (f) showing the active and resistance parts. The black line denotes the separation of the layers with different mechanical behaviors. 
e–g) Reproduced with permission.[90] Copyright 2008, Elsevier Inc.
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optimized for its functions (see Figure 8e–g). The awn is the 
dispersal unit of wild wheat and has cellulosic fibril arrange-
ments that promote bending as humidity changes.[89] The cellu-
lose fibrils of wheat awns are arranged in two layers, active and 
resistant, and are optimized for strength and efficient water 
exchange, which allows the hygroscopic device to function even 
with small changes in ambient humidity.[78a] Stiff cellulose 
self-organized nanorods inserted in a soft hygroscopic matrix, 
which shrinks when the plant dies, are responsible for bending 
the awn.[90]
The Geraniaceae family is another group of plants with 
hygroscopic movement that are characterized by the pres-
ence of a beak-like fruit containing five seeds connected by a 
tapering awn.[91] Erodium and Pelargonium, two representatives 
of this family, have awns with shapes that are different from 
that of wheat, and they coil as the ambient humidity changes.[92] 
The Erodium helical awn movement[93] is caused by a special-
ized layer in the bilayer structure of the awn. A tilted, helical 
configuration of the microfibrils in which the axis of the helix is 
at an angle to the long axis of the cell was found to be respon-
sible for the cell bending as the awns twist.[91,94] Therefore, 
changes in humidity and consequent coiling and uncoiling of 
the awns, which are the key factors for the self-burial of the 
seeds, result in rotation and subsequent burial of the seeds.[92a] 
Zhao et al.[92b] also attributed the coiling movement of awns in 
Pelargonium peltatum seeds to the anisotropic shrinkage of its 
inner cell wall controlled by the structure of the stiff cellulose 
fiber skeleton that is embedded in the hygroscopic matrix.
4.2. Cellulose-Based Hydro-Responsive Materials
Biomimetic composite materials with cellulose nanofibers 
incorporated into the polymer matrices, such as poly(vinyl 
acetate) (PVA), poly(butyl methacrylate) (PBMA), blends of 
PVA and PBMA polymers,[95] styrene,[96] and urea-formalde-
hyde resin,[97] have been reported to be hydro-responsive. Wu 
et al.[98] reported a humidity-responsive, bioinspired, cellulose = 
nanocrystal-based composite photonic film that had a left-
handed chiral nematic structure and a sandwich assembly. The 
authors produced the asymmetric composite film by assem-
bling hydrophilic CNCs and poly(ethylene glycol) diacrylate 
(PEGDA) layers with a uniaxial orientation of the polyamide-6 
layers. The cellulose composite film presented humidity-trig-
gered movement as consequence of the asymmetric swelling of 
the hydrophilic components of the sandwich structure, namely, 
CNC and PEGDA.[98]
Wan et al.[99] described thin films of cellulose micro and 
nanofibers that are highly sensitive to humidity with bidirec-
tional complex water-vapor-triggered bending shapes. The 
bending movement is reversible, directional and cyclic. The 
dynamic bending curvature was attributed to a bilayer-like 
structure and was controlled by the thickness of the film.[99] 
Films produced from carboxylated cellulose nanofibers were 
found to reversibly respond to a water gradient, presenting a 
bending movement within 1–2 s. The authors suggested that 
the bending mechanism is related to the sorption of water 
by the hydrophilic nanocellulose rods at the interface of the 
film. The direction and the magnitude of the flux of the water 
molecules was reported to drive the bending of the films and 
the frequency of the motion, respectively.[100]
Zhang et al.[101] reported moisture-sensitive cellulose stearoyl 
esters self-standing transparent films that were produced by 
solvent-casting (see Figure 9a). The films with low degrees of 
substitution could quickly bend and return to their original 
shape when exposed to moisture. Because of water absorption 
on their surfaces, in environments with high humidity, the 
films bend and then fold up in 1–2 s. After reaching their most 
folded state, the films unfold within 1–2 s, as the water mole-
cules are released from the surface of the film. This folding–
unfolding process can be repeated several times without the 
transition slowing down (see Figure 9b).[101] HPC films were 
also found to respond to moisture by bending and unbending. 
A steam-driven soft-cellulose motor, prepared from anisotropic 
HPC films was reported.[102] A ribbon of an HPC film produced 
from a sheared chiral nematic solution was passed over two 
wheels (Figure 9c), and humid air was applied to the outside 
of the film near one of the wheels. The response of the film 
to humidity caused the wheels to move. Due to the bending of 
the HPC film near the wheel where the moisture was applied, 
motion was generated, which continued as long as humid air 
was present. During the rotation, the HPC film moved away 
from the moisture, dried, and then returned to its original 
shape ready to begin a new cycle (Figure 9d). The strain was 
coupled to orientational order, which could be modified by 
exposing the film to water. Changes in the orientation of the 
constituents of the films cause stresses and strains that result 
in changes in the shape of the sample.[102] The incorporation 
of a small amount of highly anisotropic particles into the HPC 
films improved the mechanical properties of the films and 
caused the soft-motor to respond more quickly to humidity.[103] 
The alignment of the nanoparticles is promoted by the cellulose 
chains during casting and shearing from the liquid-crystalline 
phase.
4.3. Cellulose-Based Water-Responsive Materials for 4D Printing
4D Printing, where the fourth dimension is time, is a single-
step process in which several properties of materials can allow 
the conversion of a 1D strand or 2D surface into a 3D shape or 
even transform a 3D shape into another 3D shape using, for 
example, only water as the activator.[104] This printing technique 
opens new possibilities for the production and manufacture 
of smarter reconfigurable materials tailored to their intended 
applications.[104,105]
Gladman et al.[106] developed a biomimetic composite 
hydrogel using nanofibrillated cellulose (NFC), that can be 4D 
printed into a programmable bilayer architecture, and the mate-
rials can be encoded with local anisotropy that promotes intri-
cate shape modifications upon immersion in water (Figure 10). 
Biomimetic 4D printing is based on the ability to define the 
elastic and swelling anisotropies by controlling the local ori-
entation of NFCs in the hydrogel composite, see Figure 10a. 
During the printing process, as the ink flows, fibril alignment 
is induced, leading to anisotropic stiffness and longitudinal 
swelling. A series of functional folding flower architectures 
were printed from bilayer meshes that enable petals to 
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either close (Figure 10b) or twist (Figure 10c) upon swelling 
depending on the orientation of the layers. The complex archi-
tecture of the orchid Dendroium helix (Figure 10e) was suc-
cessfully reproduced by programming multiple shape-shifting 
domains that generate distinct structures (Figure 10d).[106]
A monomer-based ink composed of cellulose nanocrystals 
(CNC) dispersed in a solution containing 2-hydroxyethyl meth-
acrylate (HEMA) monomer, polyether urethane acrylate, and a 
photoinitiator that is cured by UV light, was shown to be effi-
cient for 3D printing. Structures printed with CNC-based inks 
showed shear-induced alignment of the anisotropic elements 
and enhanced stiffness along the printing direction. These 
capabilities make CNC-based inks good candidates for the bio-
mimetic 4D printing of programmable reinforced materials 
that respond to external stimuli.[107]
5. Cellulose-Based Fibers that Mimic Natural 
Filaments
Cellulose-based micro and nanofilaments that exist in nature 
are another source of inspiration for cellulose-based fibers, 
which are affected by the preparation and properties of man-
made membranes and tissues. In fact, micro and nanofibers 
produced by plants and animals are fundamental constituents 
that provide support to the vital functions of the organisms. 
The next section is dedicated to some of the filament shapes 
observed in plants and animals, their functions, and the analo-
gous synthetic cellulose-based fibers.
5.1. Plant Filaments
Many plants have filaments that assist in functions such as 
reproduction or supporting their own weight. Climbing plants 
are a good example of organisms that use filaments for sup-
port. Early on, Charles Darwin made observations that, in these 
types of plants, long filaments, called tendrils, make long cir-
cular movements in the air in search of a point that can be used 
for support during plant growth.[108] When a support is found, 
the tendril then coils around it. One interesting characteristic 
of plant tendrils is that they form helical structures. As Darwin 
noticed, tendrils can create spirals (a 2D structure) if they do not 
find a support point or helices (a 3D structure) if they do.[109] In 
the latter case, reversals in the direction of the rotation of the 
helix are quite common, and a small straight segment, called 
a perversion, will be observed connecting two helices that have 
opposite handedness. Since the first observations of the coiling 
tendrils and perversions, there have been some attempts to 
understand their origins. One possible explanation for the for-
mation of perversions arises from the fact that the helical struc-
ture is formed when the two extremities of the tendril are fixed 
with no possibility of rotating at either of the tendril ends. The 
perversion then allows helical formation while the total torsion 
remains constant.[110] Goriely et al.[111] explained the process of 
perversion formation from a mathematical point of view.
In 2012, to explore what could be the cause of the intrinsic 
curvature of the plant tendrils, Gerbode et al.[112] used tendrils 
removed from two types of cucumber, Cucumis savitus and 
Echinocystis lobata (a wild cucumber). These types of cucumber 
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Figure 9. Synthetic cellulose-based water-responsive materials. a) Schematic representation of the structure of cellulose stearoyl esters (CSEs) and 
fabrication of films by solvent-casting. b) Water bending response of CSE solid films. a,b) Adapted under the terms of the Creative Commons Attribu-
tion CC-BY 4.0 International License.[101] Copyright 2015, Nature Publishing Group. c) Schematic of a moisture-driven HPC engine. The white arrow 
indicates the location of moist air, and the black arrow indicates the direction of rotation. The alignment direction of the polymer molecules is parallel 
to the axes of the wheels. The free surface of the film is on the outside. d) Series of frames from a video showing rotation. The motor is housed in a dry 
environment. The belt dimensions are 1.0 cm × 8.0 cm × 30 mm, and the wheel diameter is 14 mm. c,d) Adapted with permission.[102] Copyright 2013, 
The Authors. Published by Nature Publishing Group.
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were chosen to evaluate the influence of a ribbon of special-
ized cells observed in tendrils with stiffer behavior that provide 
mechanical rigidity. The specialized cells are comparable to lig-
nified gelatinous fibers, called g-fibers. This ribbon of g-fiber 
cells was previously observed in the inside of the helical struc-
ture that is formed during lignification of the coiled tendril.[113] 
In this work, the authors aimed to confirm if the coiling of the 
tendril was caused by the coiling of this stiffer ribbon of g-fiber 
cells. Observations using dark-field microscopy showed that, in 
tendrils that were not yet coiled, the g-fiber cells were hardly 
visible (Figure 11a). When illuminated with UV light, no image 
was visible, which indicated that lignification had not occurred 
(Figure 11b,c). However, when the same experimental pro-
cedure was performed using tendrils that were already coiled 
(Figure 11d), the ribbon of g-fiber cells was easily observed 
(Figure 11e,f), and lignification on the internal surface of the 
helical shape was confirmed. Further observations showed that 
a ribbon extracted from a coiled tendril remains helical even 
after the tendril was cut to reduce its length (Figure 11g). Dif-
ferential lignification was also observed, and the inside of the 
helical structure showed a higher number of lignified cells 
(Figure 11h,i). The authors concluded that the asymmetric con-
traction of the ribbon of g-fiber cells causes intrinsic curvature, 
which results in the coiling of the tendril; the soft tissue of the 
tendril is forced to coil by the stiffer ribbon of g-fiber cells. To 
confirm these conclusions, the authors constructed a model 
using rubber fibers with two layers; a layer of silicone stretched 
in one direction was then covered with silicone sealant, which 
gave fibers with intrinsic curvatures. As observed in the tendrils, 
the rubber fibers coiled spontaneously into helices of opposite 
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Figure 10. Cellulose-based structures for 4D materials. a) Schemes of anisotropic cellulose-based ink preparation and water-responsive tissue. 
Morphologies of flowers fabricated by biomimetic 4D printing with different orientations of cellulose fibers: b) 90°/0° bilayer, c) −45°/45° 
bilayer, with respect to the long axis of each petal. The bottom panel shows time-lapse sequences of the flowers during the swelling process. 
(Scale bars, 5 mm; inset 2.5 mm). d) Complex 3D-printed structure. e) Swollen structure of a printed flower demonstrating a range of mor-
phologies inspired (left) by the orchid Dendrobium helix flower (right) (scale bars: 5 mm). Adapted with permission.[106] Copyright 2016, Nature 
Publishing Group.
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handednesses separated by a perversion. It was also observed 
that, when stretched, the rubber fibers showed an increasing 
number of turns in their helices. This phenomenon is known 
as overwinding, and while it was observed in all rubber fibers 
used in this work regardless of their age, only older and fully 
grown tendrils exhibit this behavior. The fact that during the 
ageing process of the tendril, the epidermal cells lose volume 
due to water loss, which causes the tendril to transform from 
a cylindrical shape to ribbon-like, was presented as a possible 
cause for overwinding in older tendrils.[112] Wang et al.[114] pro-
posed a model to explain the relationship between cellulose 
fibril helices and the macroscopic chiral morphologies observed 
in plant tendrils. According to this model, during the growing 
phase of the tendrils, chirality is transferred from the helical 
cellulose microfibrils that exist in the cell walls to the macro-
scopic tendril. The authors suggested that an increase in the 
helical angles of the cellulose fibril helices inside the cell wall 
is the origin of the intrinsic curvature exhibited by tendrils. 
The increase in helical angles is caused by a combination of 
the elongation of the cells and the turgor pressure (the pressure 
caused by fluid inside plant cells pushing on the cell walls, con-
tributing to the rigidity of the cell walls of the plants). The topic 
of tendril coiling and the use of helical structures by plants was 
very nicely reviewed by Smyth[115] in 2016. In this work, the 
author notes that for the tendrils to wind themselves around 
a support, they must have a touch-sensitive region that detects 
the contact with a support point and initiates the rapid twist of 
the tendril. According to the author, this touch-sensitive region 
can be in the extremity of the tendril for some species, while 
for others, the region must cover the entire circumference of 
the tendril.
Helical shapes and other filament structures can be 
observed, not only in tendrils, but also in other parts of plants. 
In 2005, Karam[117] looked at fibers from the system respon-
sible for the water transport from the roots of the plant to the 
leaves, the xylem, that can also form helical structures, and 
studied them from the point of view of engineering design. In 
2014, Gao et al.[116] reported the use of xylem cells as templates 
Adv. Mater. 2018, 1703655
Figure 11. Helical filaments in plants. a) Straight tendril of a cucumber. Cross-sections of a filament b) in dark-field and c) UV autofluorescence, 
showing no asymmetric layer formation. d) Coiled tendril with left-handed and right-handed helices connected by perversions. Cross-section with two 
asymmetric layers seen by e) dark-field and f) UV autofluorescence. g) Helical ribbon extracted from (d) (the inset shows the longitudinal orientation 
of the fibers along the tendril). h,i) Higher magnification of (e) showing differences between the cells in the two layers. The scale bars in (b) and (c) are 
0.5 mm, in (e) and (f) are 100 µm, in (h) and (i) are 10 µm, and in (g) is 1 mm. a–i) Reproduced with permission.[112] Copyright 2012, American Asso-
ciation for the Advancement of Science. Photos and microscopy images of left-handed microhelices from the xylem of different plants: j) Rhaphiolepis 
indica, k) Agapanthus africanus, l) Cotoneaster lacteus, m) Passiflora edulis (passion fruit), and n) Musa acuminata (banana). Adapted with permission.[116] 
Copyright 2014, American Chemical Society.
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to produce microswimmers. In their work, 
xylem helical vessel structures were iso-
lated from different plants (Figure 11j–n), 
and structures with diameters ranging from 
10 µm up to greater than 60 µm were 
obtained. In some cases, these helical struc-
tures can be multiple vessels connected 
to each other in parallel. The authors used 
mechanical stretching to change the pitch 
and the diameter of the helix and thus obtain 
helical filaments with different dimensions. 
After being coated with a magnetic layer, 
the motion of these filaments under water 
can be controlled using a magnetic field.[116] 
In 2014, Gray[118] isolated xylem cells from 
the tracheary systems of different plants, 
namely, celery, sugar maple, London plane, 
horse chestnut, tulip tree, paulownia, and 
ginkgo. After chemical treatment with alkali 
and acid chlorite, it was possible to isolate 
the helically coiled cellulosic microfibrils 
that serve as mechanical reinforcement of 
the tracheary system. The diameters of the 
isolated coils are as high as 35 µm, and their 
lengths reach several centimeters. An inter-
esting characteristic common to all isolated coils is that, in all 
cases, the helices are left-handed. Depending on the plant, the 
helices can be made up of single strands or several stands par-
allel to each other. According to the author, this left-handed 
structure is formed because the orientation of the cellulose 
inside the coils comes from a nonchiral organization, often 
forming ring-like thickenings in the vascular system of the 
plants, and this deviation produces a left-handed coil with an 
orientation that is offset relative to the nonchiral structure. 
This left handedness is also observed in suspensions of chiral 
nematic cellulose nanocrystals and films.[118]
5.2. Cellulose-Based Micro- and Nanofilaments that Mimic the 
Shapes of Natural Filaments
The helical shapes exhibited by plant tendrils and discussed 
previously serve as inspiration for reports published by God-
inho et al. in 2009[119] and 2010,[120] in which micro and 
nanofibers of the cellulosic derivative acetoxypropylcellulose 
(APC) were electrospun from an anisotropic solution. In the 
paper published in 2009, they reported the similarity between 
the shapes of the tendrils from Passiflora edulis and the elec-
trospun APC micro and nanofibers. In agreement with the 
observations made by Darwin, the APC micro and nanofibers 
also form spirals when one end is fixed and the other is free to 
rotate in space (Figure 12a,b) and, if the two ends are fixed, this 
motion causes them to form two helices with opposite handed-
nesses separated by a perversion (Figure 12c,d). Notably, when 
the APC micro and nanofibers were electrospun from an iso-
tropic solution, no helical structures were observed.
In a paper published in the following year, Godinho et al. 
reported that a jet produced from an anisotropic solution of 
APC presents spontaneous torsion and curvature at shear rates 
higher than a critical value. For jets produced from an isotropic 
APC solution, no spontaneous curvature is observed, regardless 
of the shear rate. The intrinsic curvatures observed in the micro 
and nanofibers and the jets produced from the anisotropic APC 
solution were attributed to the formation of an off-axis line-
defect disclination when the solution was subjected to shear. 
Previously, in 2008, Canejo et al.[121] reported that electrospun 
APC fibers produced from an anisotropic phase also showed 
intrinsic curvature.
More recently, in 2013, Canejo et al.[110] reported the influ-
ence of the intrinsic curvature on the trajectories of electro-
spun APC fibers. The authors produced APC micro and 
nanofibers using electrospinning and they followed the tra-
jectories of the filaments during fiber production using a 
high-speed camera. The fibers produced from the isotropic 
phase had a linear trajectory as they left the tip of the needle. 
However, the trajectories of fibers electrospun from an aniso-
tropic phase showed a spontaneous rotation immediately after 
leaving the tip of the needle. The authors also reported that, 
during SEM analysis, the number of turns present in the hel-
ices of suspended micro and nanofibers increased by rotation 
of the perversion. This overwinding process was attributed 
to the release of elastic energy caused by the electron beam 
of the SEM heating of the filament during the observation. 
With this increase in temperature, the stiffness of the disclina-
tion line becomes strong enough to promote further coiling 
of the matrix because the matrix becomes softer at higher 
temperature.
5.3. Morphology of Cellulose-Based Micro and Nanofilaments
Cellulose-based synthetic filaments have different morpholo-
gies depending on the processing conditions and can be given 
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Figure 12. Cellulose-based microhelices that mimic the shapes of natural filaments. a) Pas-
siflora edulis tendril and b) a cellulose fiber electrospun from a liquid-crystalline phase forming 
spirals. c) A tendril of Passiflora edulis with a perversion (indicated by the white arrow) sepa-
rating two helices of opposite handednesses. Reproduced with permission.[120] Copyright 2010, 
The Royal Society of Chemistry. d) Cellulose fibers electrospun from an anisotropic solution 
with right- and left-handed helices linked by a perversion. Reproduced under the terms of the 
CC BY 3.0 Creative Commons Attribution license License.[110] Copyright 2013, The Authors. 
Published by Multidisciplinary Digital Publishing Institute.
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the same functionalities that exist in natural filaments. In 2016, 
Aguirre et al.[122] reported the use of nematic-liquid-crystal 
droplets to probe the surface of micro and nanofilaments, using 
an easy and low-cost method. In this work, they used droplets 
of a nematic liquid crystal as a way of sensing the morphology 
of different fibers collected from a spider web and electrospun 
cellulose-derivative fibers. The probing process consisted of a 
combination of spraying droplets of a nematic liquid crystal 
on the surface of the fibers followed by observation of those 
droplets using POM. The idea behind this new characterization 
method was to use the interactions between the surfaces of the 
fibers and the molecules of the liquid crystal to differentiate the 
fibers based on their surface morphologies. The anchoring of 
the nematic molecules is strongly dependent on the chirality, 
chemistry, morphology, and roughness of the fibers, which pro-
duce a distortion of the nematic liquid crystals and give rise to 
different textures observed by POM. Using this method, the 
authors were able to distinguish between fibers with different 
morphologies. Furthermore, this method (Figure 13a,b) gives 
information about the way two fibers cross. Crossings between 
nonfused and fused fibers were identified using a nematic 
droplet, as seen in Figure 13c,d.[122]
Due to the high surface area of the micro and nanofilaments, 
surface structures play an important role in this type of mate-
rial. Spider webs[124] use filaments with special surface features 
to collect water from the atmosphere. It has been shown that 
these filaments, which have a series of humps on the surface, 
can collect water droplets from the air though surface energy 
gradients and differences in Laplace pressure.[125] Some studies 
have attempted to produce synthetic filaments that are inspired 
by these natural fibers. In one of these studies, by Tian et al.[123] 
in 2011, it was reported that a nylon fiber with a humped sur-
face can be used to collect water from the moisture present 
in the air. To introduce humps onto the surfaces of commer-
cially available nylon fibers, they were dipped in a solution of 
poly(methyl methacrylate) (PMMA) in N,N-dimethylformamide 
(DMF) and removed very slowly so that a layer of the PMMA 
solution covered the nylon. As the DMF film dried, it broke up 
into droplets, according to the Rayleigh instability model, and 
these droplets created solid humps on the fiber. The size of the 
humps and the spacing between them could be controlled by 
changing the concentration of the DMF solution and the speed 
at which the nylon fiber was removed from the solution after 
dipping. Typical values for hump height and hump-to-hump 
distance are ≈47 and 400 µm, respectively. The water-collection 
capability was tested in a humidity-controlled microenviron-
ment in which the relative humidity values ranged between 50% 
and 100%. The fibers produced by the described method could 
capture water droplets from the air, and the drops remained on 
the fiber (Figure 13e). The volume of the droplets before falling 
was dependent on the diameter of the fiber due to the pull of 
gravity; for fibers with a diameter of 18 µm, the volume of the 
water droplets before detachment was ≈2.03 ± 0.11 µL, and for 
fibers 50 µm in diameter, the maximum volume for the drop-
lets was ≈3.32 ± 0.08 µL.[123]
In 2010, Zheng et al.[126] reported the fact that the fibers 
produced by the cribellate spider Uloborus walckenaerius 
can adapt to foggy environments. They observed that fibers 
removed from the webs produced by these spiders have dif-
ferent structures when wet than they do when they are dry. 
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Figure 13. Natural microfibers for capturing liquid-crystal droplets. a) Aligned electrospun cellulose-based fibers. b) Entanglements of cellulose-based 
microfibers. c,d) Two different crossings decorated by nematic droplets, which reveal the crossing morphology as seen in the SEM images (right). 
Adapted with permission.[122] Copyright 2016, National Academy of Sciences, USA. e) Water droplets captured on uniform fibers (two pictures on the 
left) and on a humped fiber (hump height <47 µm and hump-to-hump distance <400 µm). The scale bars are 500 µm. Adapted with permission.[123] 
Copyright 2011, Wiley-VCH.
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Observations of dried fibers by environmental SEM showed 
that their structures had regions of hydrophilic nanofibrils 
that were dominated by puffs with diameters of 130.8 ± 
11.1 µm. The puffs were distributed along the fiber and con-
secutive puffs were separated by regions called joints, which 
had diameters of 41.6 ± 8.3 µm. Further observations showed 
that these puffs are composed of many randomly arranged 
hydrophilic nanofibrils. Interestingly, these fibers can rebuild 
their structures when wetted. If exposed to high relative 
humidities, droplets of water form on the hydrophilic puffs, 
and as this process continues, the size of the puffs decreases 
until they became periodically spaced bumps on the fiber and 
form a sequence of spindle-knots separated by joints. These 
fibers can capture water from fog following wet-rebuilding of 
the fiber structure. During water capture, water droplets con-
dense on the joints and move to the spindle-knots in a process 
called directional water collection, which only occurs when the 
spider web is wet. This mechanism was not observed in nylon 
fibers with a uniform diameter, nor was it observed in silk-
worm silk, which is another natural silk but does not have a 
bumped structure. To explain this water-capture mechanism, 
the authors proposed a model where the surface energy gra-
dient and Laplace pressure play major roles, because the joints 
have a relatively smooth surface with the nanofibrils aligned 
parallel to the fiber, and the spindle-knots have a rougher sur-
face with the nanofibrils oriented randomly. The model pro-
posed by the authors was confirmed by the production of an 
artificial fiber[126] with a structure similar to the spindle-knot 
that could collect water. The chosen material was a nylon fiber 
that was coated with a polymeric layer by dipping it in a solu-
tion of poly(methyl methacrylate) (PMMA) in a mixture of 
N,N-dimethylformamide and ethanol (PMMA/DMF–EtOH). 
The artificial fiber started to collect water droplets when the 
relative humidity was ≈95%, and water droplets could be seen 
hanging from the fiber.
A year later, in 2011, Bai et al.[127] used a similar approach to 
produce an artificial fiber with a spindle-knot structure to col-
lect water from moist air. In that report, the authors also used 
a nylon fiber with a uniform diameter and added a layer with a 
spindle-knot structure to the surface by dipping it in a solution 
of PMMA in DMF. The authors used solutions with different 
concentrations and several drawing speeds to optimize the size 
and spacing of the bumps. Using solutions with concentra-
tions between 5 and 7 wt% and drawing speeds ranging from 
100 to 200 mm min−1, it was possible to obtain spindle-knots 
with widths ranging from 150 to 400 µm and heights from 50 
to 250 µm. The fibers produced by this method were able to col-
lect water droplets.[127]
Some plants are already collecting water from humid air with 
the help of cellulosic conic filaments,[125] which can serve as 
inspiration for the creation of new biomimetic materials. Using 
the needles of cacti as an inspiration, in 2013, Ju et al. produced 
a water collector using conical copper wires with a wettability 
that increases from the tip to base.[128] Using a gradient electro-
chemical corrosion technique, the chemical composition of the 
produced conical filaments changed along the cone and was the 
origin of the gradient wettability. When exposed to humidity, 
these filaments captured water droplets in a continuous and 
uninterrupted way.
The studies discussed herein highlight different examples 
of synthetic materials that can mimic the water-capture ability 
of spider webs and cellulose-based filaments. In fact, artificial 
cellulosic materials have shown the ability to capture oily drop-
lets,[122] which is opening up a new research area.
6. Cellulose-Based Materials that Mimic “Smart” 
Natural Systems
As described previously, cellulose and its derivatives can reflect 
different colors due to their intrinsic molecular properties and 
the molecular order they present. These colors can be tuned, 
for instance, by modifying the concentration, temperature, or 
manufacturing conditions. This section addresses cellulose-
based materials that mimic natural systems that have the capa-
bility to change their color.
6.1. Natural Color-Responsive Systems
Many biological systems can change their color for different 
purposes and by diverse mechanisms. Among the various char-
acteristics found in animals, coloring has always been one of 
the most fascinating.
Animal coloring is an important biological attribute with 
different functions related to the strategies adopted by indi-
viduals in their environments. Mimicry is perhaps one of the 
most important biological mechanisms of communication, 
often involving color patterns with defensive connotations. 
Mimetic systems reflect complex evolutionary processes that 
accentuate morphological or behavioral similarities between 
two or more species, ensuring adaptive advantages for at least 
one of them. Animal coloring and patterning represent impor-
tant ecological attributes that are essential for maintaining 
populations in natural environments. Among the main 
ecological functions of coloring are: thermoregulation,[129] 
evasion of predators,[130] and inter- and intraspecies com-
munication.[131] Many vertebrates, such as chameleons, can 
suddenly modify their color to adapt to a new environment, 
to communicate and to regulate temperature.[132] These color 
adjustments are usually associated with alterations of skin 
brightness (i.e., diffuse and/or specular reflectivity) through 
dispersion/aggregation of pigment-containing organelles, 
namely, melanosomes.[133] Color variations in biological sys-
tems are not exclusively associated with pigmentation but 
also with structural optical mechanisms. For instance, several 
cephalopods display iridescence, but only some squid spe-
cies[134] are known to possess multilayered reflectors in spe-
cialized cells with iridescent crystals of guanine with tunable 
periodicity. These reflectors are what enable color adjustments 
for camouflage and communication. The ability to adjust skin 
color has only been observed for certain cephalopod species 
(squid, cuttlefish or octopus).[135] The optical properties of the 
system of multilayer reflectors are not thoroughly understood; 
however, the color-switching process appears to be rather dis-
tinct from that of fishes, amphibians, and reptiles, in which 
the movement of rigid crystalline platelets is the main mecha-
nism of color variation.[136]
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Chameleons present two superimposed layers of iridophores 
with distinct morphologies and roles; the external layer induces 
prompt structural color alteration (Figure 14a,b) by actively 
adjusting the guanine nanocrystal spacing in a triangular mesh 
(Figure 14c,d), and the internal layer reflects a wide range of 
wavelengths of light, particularly in the near-infrared. The 
association of these two functionally distinctive layers of irido-
phores is a unique evolutionary trait that confers the ability to 
have effective camouflage or dramatic color exhibition to cer-
tain species of chameleons, while allowing them to minimize 
the thermal effects of strong solar radiation.[133]
The male of Hoplia coerulea (Figure 14e) is a blue-violet 
beetle from the family Scarabaeidae. It presents a blue-violet iri-
descent coloration that can be attributed to the interaction of 
light with a macroporous photonic structure that is composed 
mainly of chitin and covered by a thin wrap located internally 
in the round scales that cover the elytra and thorax of the 
beetle.[137] This thin wrap did not attract much attention since 
it was not believed to alter the external color of the beetle as 
its subwavelength thickness is ≈100 nm. A reversible water-
induced color modification was accidentally discovered in the 
elytra of the beetle, when a lifeless specimen was stored on 
a wet piece of glass, provoking a color change from the blue-
violet to green, on contact with water.[138]
At first, this hydrochromic behavior was explained by the 
filling of the photonic structure with water.[138] However, 
more recently, these changes were found to depend on the 
speed at which the liquid fills the structure; for instance, the 
photonic structure is filled much faster with water than with 
ethanol. The fast liquid loading of the internal macroporous 
photo nic structure across its permeable wrap 
(Figure 14f) results in both color and fluores-
cence modifications and has been attri buted 
to the existence of salts in the cuticle, which 
promote stronger interactions with water. 
The envelope behaves as a semipermeable 
membrane with an exterior that controls 
the molecular traffic to the environment. 
These results might provide paths for estab-
lishing an innovative class of smart photonic 
materials.[139]
6.2. Responsive Photonic Cellulose-Based 
Structures
Kamita et al.[140] developed a method of 
producing a photonic strain sensor from 
aqueous LC–HPC phases. A tough, wide area 
and a malleable strain sensor that can sense 
diverse deformations in its optical signature 
were produced through the insertion of an 
LC–HPC water solution between two flexible 
polymeric layers. The use of the HPC allows 
the combination of several benefits, such as 
the optical properties of liquid crystals, the 
responsive features of polymers, and the sus-
tainability, biocompatibility, and abundance 
of cellulose derivatives. Figure 15a shows one 
of these HPC strain sensors before compres-
sion. Imposing a strain results in the devel-
opment of a vivid blue color (Figure 15b) in 
the deformed area of the sensor. The color is 
initially green and switches to blue because 
of variations in the pitch (Figure 15c,d) trig-
gered by the imposed compressive deforma-
tion. The large-area device was used to sense 
a handprint that a large intricate macroscopic 
object could produce (Figure 15e).
Frka-Petesic et al.[141] prepared CNC sus-
pensions in water from the acid hydrolysis 
of cotton linters in sulfuric acid, and they 
demonstrated that electric fields are an effi-
cient and convenient tool for controlling the 
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Figure 14. Colored responsive structures found in animals. A reversible color change is shown 
for a male (m2) chameleon: when moving from a) relaxed to b) excited, the skin color changes 
from green to yellow/orange and blue to whitish depending on the orientation of the skin 
stripes. c,d) TEM images of the lattice of guanine nanocrystals in S-iridophores from the same 
individual in a relaxed and excited state, respectively (the scale bar represents 200 nm). Adapted 
under the terms of the CC BY 4.0 License.[133] e) Photograph of male H. coerulea beetle, and 
f) an SEM image of a scale cross-section. The blue-violet coloration is due to the presence of 
the porous multilayer. The scale bar is 2 µm. Adapted with permission under the terms of the 
CC BY Creative Commons Attribution 4.0 International License.[139] Copyright 2015, Macmillan 
Publishers Limited.
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iridescence properties of concentrated CNCs in an apolar sol-
vent. Through the application of an electric field, they could 
precisely tune the pitch, and thus dynamically control the 
structural colors of the solution. To observe the macroscopic 
influence of an increasing electrical field on the iridescence 
of a fully cholesteric CNC suspension, the sample was placed 
in a glass capillary held vertically with two metallic electrodes 
connected to a high AC voltage source. The effect can be seen 
in Figure 16a. Monochromatic laser diffraction of the same 
sequence was then used to extract quantitative information 
about the cholesteric arrangement, as illustrated in Figure 16b. 
At zero field, the diffraction pattern appears circular, indicating 
a polydomain structure of isotropically distributed cholesteric 
domains with a constant pitch. At larger fields, the diffraction 
ring pattern changes to two symmetric arches with decreasing 
angular widths and radii, indicating an increase in the pitch. 
As the field further increases, the peaks broaden, and the pitch 
can no longer be defined by these results. Ultimately, the whole 
diffraction pattern vanishes, and only the transmitted incident 
beam remains visible; this is consistent with the observed 
sample transparency. These observations strongly support the 
scenario illustrated in Figure 16c, in which the electric field 
first orients and then unwinds the cholesteric structure. These 
advances pave the way for applications of these materials in 
responsive and tunable systems, as well as in the design of 
ordered nanocomposite materials.[141]
A consequence of the periodic assembly of the cholesteric 
LC phase, as also mentioned in Section 1.1, is that it presents 
a Bragg reflection peak centered at a wavelength that depends 
on the ordinary and extraordinary refractive indexes of the 
LCs and the cholesteric pitch.[142] Circularly polarized light 
with the same handedness as the cholesteric phase is strongly 
reflected within this wavelength, and light with the oppo-
site handedness is transmitted. With the goal of producing 
biomimetic reflectors using liquid-crystal polymers, Matranga 
et al.[143] proposed the assembly of a reflector that responds 
to the two polarizations. To achieve this goal, two procedures 
were suggested; in one, two layers of a cholesteric LC phase 
of different handednesses were used; in the alternative proce-
dure, an additional cholesteric material of the same handed-
ness was intercalated by a half-wave retarder.[144] This retarder 
inverts the polarization of the light that is transmitted by the 
first cholesteric layer so that it equals the handedness of the 
second cholesteric layer, and, thus, the light is reflected back. 
As it is reflected back, it passes through the retarder again, and 
it inverts the polarization again so that it is transmitted by the 
first cholesteric layer.[143] In fact, there are beetles that possess 
exactly this optical solution in their cuticle[55] and are able to 
reflect in both LCP and RCP channels. The beetles use an ani-
sotropic layer that acts as a half-wave plate for wavelengths in 
the range 520–640 nm.[145]
An alternative to the proposal of Matranga was developed by 
Guo et al.[146] in which a polymer-stabilized liquid-crystal (PSLC) 
film, which reflects both RCP and LCP light, was produced by 
using a wash-out/refill technique. The PSLC layer was manu-
factured by pre-assembling the polymeric network with a left-
handed helical structure, and then a CLC with a right-handed 
helical structure was introduced into the polymer network. The 
main function of the polymer network was to lock the initial 
helicity of the film in place. Using this method, they were able 
to reflect both RCP and LCP light over of a broad temperature 
range by adjusting the handedness of the helical structures in 
the polymeric network and in the bulk LC.[146]
More recently, Fernandes et al.[62] proposed an alternative 
method for tuning and controlling the handedness of circularly 
polarized light that took advantage of the already-mentioned iri-
descent left-handed cholesteric structure of the CNC solid films 
and a nematic liquid crystal.
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Figure 15. Cellulose-based color responsive materials. a,b) Photographs of a photonic cellulose-based strain-responsive sensor encapsulated between 
two flexible substrates before and after being compressed with a hard, cylindrical object, respectively. c,d) Variations of the cholesteric pitch due to 
the compressive strain applied and the corresponding change of the selective reflection color from cholesteric domains. e) Macroscopic LC–HPC 
strain-responsive sensor produced by Kamita et al. Adapted under the terms of the CC BY Creative Commons Attribution 4.0 International License.[140] 
Copyright 2016, The Authors. Published by Wiley-VCH.
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Solid films prepared from cellulose nanocrystals present 
optical features such as iridescence, selective reflection of LCP 
light, and transmission of RCP light, which are the same phe-
nomena that have already been discussed and can be observed 
in certain insect cuticles. In cellulosic films, the adopted left-
handed chiral structure is attributed to the self-assembly of 
nanorods from chiral cellulose.[147] If casting followed by slow 
solvent evaporation[8] is used, then the resulting solid films are 
iridescent (Figure 16d,e) and their cross-sections can present 
several domains with different pitch values. The existence of 
grooves between aligned layers has also been recently described 
in the literature. It seems that the evaporation of water dictates 
the internal structure of the films and allows the formation of 
several layers with different thicknesses and pitches. Taking 
advantage of these structural features, cellulose-based photonic 
structures that reflect both RCP and LCP light and uniquely 
allow the reflection to be tuned by varying the temperature 
or by applying an electric field have been reported. Iridescent 
solid CNC films (obtained by acid hydrolysis of microcrystal-
line cellulose) were impregnated with 4-cyano-4′-pentylbiphenyl 
(5CB) nematic liquid crystals. SEM images of the cross-sections 
of solid films revealed the presence of cholesteric layers sepa-
rated by micrometer-sized gaps that, due to LC impregnation, 
were filled with this anisotropic liquid. Therefore, between two 
consecutive cholesteric layers, there was an anisotropic layer 
acting as a half-wave retardation plate for a specific wavelength; 
the wavelength of which varied depending on the thickness of 
the layer and the refractive indices of the liquid crystal.[148] The 
nematic-liquid-crystal layer, acting as a half-wave retardation 
plate, converts the right-handed circularly polarized light that 
was transmitted by the first cholesteric layer into left-handed 
light. Then, the second cholesteric layer reflects the converted 
LCP light, and, on its way back, the light crosses the anisotropic 
layer again. As a result, its left-handed circular polarization is 
reversed into the right-handed one,. thus penetrating the top 
layer and getting transmitted. In this way, left- and right-handed 
circular light are both reflected (Figure 16f,g), mimicking that 
which is observed for Plusiotis resplendens.[55] Taking advantage 
of the external-field stimuli-responsive LC layers, the bire-
fringence of the system can also be controlled by applying an 
external electric field. Due to the positive dielectric anisotropy of 
5CB, the molecules in the nematic LC align along the direction 
of the electric field inside the gap, altering the birefringence of 
the anisotropic layer, which stops acting as a half-wave retarda-
tion plate. The consequence of applying an electric field is that 
the reflected RCP light channel is extinguished (Figure 16j,k), 
while the reflected LCP light channel persists (as it is reflected 
by the first cholesteric layer) (Figure 16h,i). A scheme showing 
the liquid-crystal response to an electric field can be seen in 
Figure 16l,m. Heating to the isotropic phase has a similar effect 
on the optical anisotropy of the nematic-LC layer and thus pre-
vents it from acting as a half-wave retardation plate.
This system demonstrates that it is possible to simultane-
ously reflect RCP and LCP light using solid iridescent CNC 
films that mimic the cuticles of certain beetles, such as Plusiotis 
resplendens, by simply inserting a nematic layer between two 
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Figure 16. Cellulose-based materials responsive to electric fields. a) Evolution of iridescence in a polydomain cholesteric sample upon first electric-
field application (values in RMS), displaying an increase in light intensity followed by a redshift and finally color disappearance. b) Evolution of the 
laser diffraction pattern with an increasing electric field showing cholesteric orientation followed by pitch increases and finally completes cholesteric 
unwinding. c) Schematic of the sequential cholesteric orientation and unwinding with an increasing electric field. Adapted with permission.[60a] 
Copyright 2017, Wiley-VCH. Photographs of CNCs and 5CB composite films observed through d,e) unpolarized white light and circularly polarized 
light showing different color reflection in f) LCP and g) RCP channels in Plusiotis resplendens (silhouette in panels (e–g)). The circle marked in panel 
(f) represents the area of the sample analyzed in the subsequent images. Reflection microphotographs of h) LCP and i) RCP channels at E = 0 V µm−1 
and at E = 1.6 V µm−1 for both channels, respectively. j,k) The reflection decrease in the RCP channel. l,m) Schematic representation of the sample 
cross-section: n) shows the effect an electric field (E) applied perpendicular to the 5CB positive dielectric nematic layer. Adapted with permission.[62] 
Copyright 2016, Wiley-VCH.
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left-handed cholesteric layers, which will act as a half-wave retar-
dation plate.[43] The response of the reflected RCP light channel 
is highly dependent upon the birefringence of the liquid crystal, 
which can be adjusted in a reversible manner by applying an 
external electric field or by changing the temperature.[62]
6.3. Cellulose-Based Electro-Optical Responsive Materials
Over the past few decades, liquid crystals have emerged as the 
leading technology in information displays, and they are thus 
used almost exclusively in electro-optical devices such as dis-
plays and sensors.[149]
They allow the production of small and thin displays, which 
promotes the miniaturization of equipment such as calculators, 
mobile phones, and laptop computers, and the development 
of large-surface-area devices, such as LCD screens and smart 
windows.[150]
In the second half of the 1980s, a new material based on 
poly mers and liquid crystals was developed[151] named polymer-
dispersed liquid crystal (PDLC). In these devices, the liquid 
crystal is confined within a polymer matrix in small, spher-
ical (or near-spherical) cavities of various sizes determined by 
the concentration of the LC/polymer mixture. The dynamic 
response of the material is basically due to dielectric relaxation 
mechanisms through the orientation of permanent (or induced) 
dipoles.[152] These devices may be used as highly effective light 
shutters or as privacy windows because the scattering (in the 
OFF state) and the transmission (in the ON state) of light can 
be controlled by an electric field.[153] Additionally, they have a 
very high transmission coefficient, since they do not require 
the use of alignment layers or polarizing plates, which block at 
least 50% of the incident light.[154]
Craighead et al. first reported the use of cellulose deriva-
tives as the polymeric matrices for electro-optical applications 
in the mid-1980s.[155] They introduced an electro-optical device 
that was produced by filling a translucent membrane of mixed 
cellulose esters composed of micrometer-scale pores with a 
nematic LC. However, this cell needed unreasonably high fields 
to switch from one state to the other. In addition to that, in the 
ON state, its transmission was poor. In the mid-1990s Godinho 
et al.[156] obtained much better transmission values at more 
moderate voltages using a new cellulose-derived LC composite. 
In contrast to the early PDLC systems[157] in which the LC con-
stituent was dispersed inside the polymeric matrix, the electro-
optical cell using a cellulose derivative and liquid crystals, 
named as cellulose polymer dispersed liquid crystal (CPDLC), 
was produced by sandwiching a cellulose-derived solid thin 
film between two nematic-liquid-crystal layers, and the stack 
was assembled between two rigid or flexible conductive trans-
parent substrates.[158] These devices showed very interesting 
features, including elevated transmission coefficients values 
(≈0.8), although they required turn-on fields of ≈1.5 V µm−1 for 
cell gaps between electrodes of the order of 50 µm.[159]
To improve the electro-optical characteristics of these devices, 
namely, the minimum transmission in the OFF state, the 
maximum transmission in the ON state and the working volt-
ages, the total thickness of the cell was reduced, and the field 
distortion of the director in the OFF state was optimized. The 
proposed solution was to use cellulose micro and nanofibers 
instead of the thin solid films used in the CPDLC.[160] In these 
more recent electro-optical cells, the cellulose-derived con-
stituent was not a shear-cast solid thin film, but layers of non-
woven nano and microfibers of cellulose derivatives (HPC or 
cellulose acetate), as shown in Figure 17a, that were directly 
deposited onto the transparent conductive substrates by 
electrospinning.[121]
The thickness of the nonwoven membranes depends on the 
deposition time and other conditions such as the applied elec-
tric field, the distance to the target, and the flow of the poly-
meric solution. The thickness of the electrospun layers can be 
of the order of a few micrometers, thus reducing the total thick-
ness of the electro-optical cell. As presented in Figure 17b, this 
reduction in thickness allows the working voltages to be low-
ered, and the maximum transmission in the ON state improved 
(by ≈0.9). The fact that fibers were used instead of solid films 
caused a bigger distortion in the director field of the liquid 
crystal and conferred a better opacity in the OFF state.
On these devices, the color varied between the ON and 
OFF states, from a whitish scattered appearance in the OFF 
state to translucent and colorless in the ON state, as described 
in Figure 17c,d. If a CLC is used instead of a nematic liquid 
crystal, then a reflected color variation[163] might be induced by 
applying an external electrical field[161] or a different tempera-
ture,[164] for example. By applying AC and DC electric fields, 
Hu was able to selectively change the color of his samples, 
as described in Figure 17e, demonstrating the preparation of 
a new kind of reflective colored E-paper.[161] This color varia-
tion can be induced by using CLCs instead of nematic liquid 
crystals.[165] West et al.[166] presented a cholesteric/polymer-dis-
persed device that could change from a reflecting, planar state 
to a fairly translucent, focal conic state. The reflective wave-
length of these devices could be tuned by changing the length 
of the cholesteric pitch. There are still advances being made in 
this field, for instance on a light shutter composed of a dye-
doped CLC layer on top of a PDLC film. This system allows the 
transmittance and the haze to be controlled at the same time. 
In the OFF state, it presents a dark/blackish color due to the 
usage of the dye-doped cholesteric LC, and in the ON state the 
material is colorless.[167]
It is also possible to produce cellulose-based electro-optical 
devices that can change their reflected color by application of 
an electric field, allowing them to mimic biological systems. 
Recently, Almeida et al.[162] presented a cellulose-based device 
in which the nematic liquid crystals were replaced with cho-
lesteric LCs. Like in the CPDLC, the liquid crystal was not 
phase separated from the polymeric matrix; it was located in 
strata above and below the cellulose-derived solid film. To per-
form this study, crosslinked HPC and commercially available 
cholesteric LC TI511 from Merck were used. The HPC solid 
thin film induces a planar orientation in the layer of LC mole-
cules, and the cholesteric axis aligns perpendicularly to the con-
ductive glass surface of the device. A crosslinked HPC film was 
used instead of an uncrosslinked film because the crosslinked 
HPC films are rougher than the uncrosslinked films, and thus, 
they are more efficient in generating a scattering OFF state. 
Applying a voltage across a liquid-crystal device causes a disrup-
tion in the alignment in the bulk material, which fosters the 
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development of focal conic structures at intermediate applied 
voltages, and the appearance of homeotropic alignments of 
the liquid-crystal molecules at higher applied voltages, which 
directly influence the reflection spectra and thus the color 
reflected by the device. When applying intermediate-strength 
electrical fields, the liquid crystal presents a polydomain focal 
conics structure with the helical axes aligned randomly, which 
generates lower intensities of reflected light. By applying an 
electric field to the cell, the director of the liquid crystal is 
forced to adopt an orientation parallel to the applied electric 
field (when the LC presents a positive dielectric anisotropy). In 
the event of the highest electric fields, the helices are destroyed 
and the cell becomes colorless. Macroscopically, the devices had 
a reddish appearance due to the visible light reflected in the 
OFF state. When an electric field was applied, the color van-
ished from the cells since the cholesteric LCs were then aligned 
along the applied field. Figure 17f displays the general appear-
ance of the devices with and without the influence of an applied 
electrical field. When observing the devices with a microscope 
using reflection mode with an identical level of excitation due 
to the imposition of an electric field, a color change is detected 
because of a change of the wavelength of the reflected light. 
Figure 17g presents reflection optical-microscopy images of the 
devices with and without the influence of an applied electrical 
field.[162]
Depending on the equipment used to control the device, 
the materials can be dimmed or color shifted by gradually 
increasing their transparencies, or they can be linked to an 
application in a smartphone or tablet, allowing the inclusion of 
these devices in the growing field of domotics (smart houses) 
and the Internet of Things.[168] These types of devices also 
have significant potential for use as brightness-enhancement 
layers of LCD screens,[169] reflective colored displays,[170] mirror-
less lasing,[153] polarized light management,[62] and biological 
materials.[171]
Toward the goal of producing transparent cellulose “glass” 
windows, another color modification, in addition to the 
naturally existing modifications, was proposed by Li and 
co-workers[172] in which they prepared transparent wood for 
light-transmitting applications.
Transparent wood was produced by preserving the cellulose 
skeleton of natural wood but removing the lignin and impreg-
nating the skeleton with a polymer (for example pre-poly-
merized methyl methacrylate) with a refractive index tailored to 
match that of the cellulose. Taking into account the optical and 
mechanical properties of this material, many applications can 
be envisaged in lightweight, low-cost, light-transmitting build-
ings and transparent solar-cell windows.[172] Following a similar 
approach, Zhu et al.[172] also reported the production of trans-
parent wood with a high transmission coefficient, up to 90%, 
and improved mechanical properties relative to the polymeric 
impregnated matrix.[172]
7. Summary and Outlook
Cellulose forms the skeleton of plants, and man uses this 
poly mer in many everyday activities. Wood and cellulose 
microfibers, which are at the origin of applications such as 
furniture and paper making, are among the cellulose-based 
Figure 17. Cellulosic electro-optical shutters. a) SEM image of cellulosic electrospun matrices. b) Transmission coefficients as a function of the applied 
electric field. c,d) Cellulose-based electro-optical cell in the ON and OFF states, respectively. a–d) Adapted with permission.[160] Copyright 2009, Amer-
ican Institute of Physics. e) Photographs of the response of nematic-liquid-crystal/chiral-ionic-liquid composite cells before and after the application of 
an electric field. e) Reproduced with permission.[161] Copyright 2010 Wiley-VCH. f) Macroscopic photographs of the OFF (on the left side, showing a 
red color) and ON (on the right side, showing no color) states. g) Optical microscopy in reflection with the OFF state on the left (reflecting an orange 
color) and the ON state on the right (reflecting a yellow color). Reproduced with permission.[162] Copyright 2008, Taylor & Francis Ltd.
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materials most commonly used by humans. Easily available, 
green, and nontoxic, cellulose and cellulose derivatives are 
low-cost polymers, and they are widely used for commer-
cial applications. Here, we have shown that cellulose and its 
derivatives are excellent candidates for mimicking the struc-
tures and functions of some materials produced by plants 
and animals. Cellulose and cellulose-derived films and fibers, 
produced from liquid-crystalline solutions, have unique prop-
erties depending on the processing conditions; the same 
structure can produce materials with different functions. For 
instance, simple sheared anisotropic HPC films with micro 
and nanowrinkled surfaces can be used in optics as diffraction 
gratings and also respond to moisture by bending, allowing 
the assembly of humidity-driven soft motors. Technological 
applications that can be imagined for the future include struc-
tural color manipulation (e.g., sensors that change color with 
temperature or pressure or the application of external electric, 
mechanical or magnetic fields), developments in energy har-
vesting, and autonomous micromachines that are structured 
to better respond to moisture and environmental challenges. 
Immediate opportunities exist in relation to templates and 
surfaces patterning for design and architecture, which is an 
area with great research interest. Nonwoven membranes with 
shape-responsive nano and microfibers are of great impor-
tance for capturing oil to purify water and to collect droplets of 
water from air for populations living in arid regions or coun-
tries subject to periods of drought. Another interesting field of 
research with technological applications is related to the self-
assembly of cellulose nanorods to reproduce responsive nat-
ural twisting and bending motions. This involves the precise, 
on-demand control of the orientation of the fibers. The devel-
opment of transparent wood is opening a new field that joins 
functionality and structural performance to generate a wide 
and diverse range of novel advanced materials. In this sense, 
all cellulose micro and nanoscaffolds that exist in plants are 
ready to be used and transformed into functional and respon-
sive materials. The replication of these intricate structures is 
only achieved using sophisticated techniques, and they are 
very difficult to reproduce in 3D-printed materials. Cellulose is 
an old polymer that has served mankind for centuries and will 
continue to be the most abundant natural polymeric source for 
new structural and functional materials.
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ABSTRACT
The structural support of plant cells is provided by the cell wall, which major load-bearing
component is an array of hierarchical orientedhierarchical-oriented cellulose nano-, micro- and
meso-structures of cellulose microfibrils. Cellulosic structures can respond to humidity changes
by expanding or shrinking and this allows, for example, the dispersion of seeds. Previous studies
have shown that nanorods, extracted from cell walls, can generate lyotropic liquid crystals that
are at the origin of solid cholesteric-like arrangements. Not only photonic films, but also right and
left helical filaments, anisotropic films with the ability to bend back and forth under the action of
a moisture gradient at room temperature, are some of the materials that were produced from
cellulose liquid crystal systems. This work is a review that focus on liquid crystalline-based
structures obtained from cellulosic materials and how small perturbations on their structures
affect significantly the response to external stimulus and interactions with the environment.
Special emphasis is given to cholesteric-like organization of cellulose structures existing in plants,
which are an inspiration for the production of the next generation of soft interactive materials.
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1. Plants cholesteric-type structures
Plants contain, at different scales, anisotropic cellulose
structures that are responsible, for instance, for colour
or/and movement. Most of the colors exhibited by plants
are due to pigments and dyes molecules such as chlor-
ophyll a. These pigments fade with time and are ephem-
eral. Plant extracts used as dyes, such as saffron or indigo
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LIQUID CRYSTALS
https://doi.org/10.1080/02678292.2019.1640904
© 2019 Informa UK Limited, trading as Taylor & Francis Group
are damaged by light [1]. Another way of plants to
present lively and more attractive colours is achieved by
the interaction of light with ordered structures at the
micron and nanoscale [2]. The structural colour observed
in some plants, such as the white colour of cotton (Figure
1(a)), results from optical scattering of randomly distrib-
uted microfibres [3]. This effect was reproduced with
white electrospun randomly distributed cellulose-based
micro/nanofibres (Figure 1(b)). Other colours result
from the interaction (reflections) between the incident
light and naturally occurring ordered structures [4,5].
Well-documented examples are the diffraction gratings
of the Queen of the Night tulip (Figure 1(c)) and in
ordered structures existing in Selaginella (Figure 1(d))
[2], which were replicated with cellulose derivatives [6].
Besides structural colours, the pigments in plants may
contribute with additional colours, due to selective light
absorption. The colours resulting from ordered structures
differ with the viewing angle or lighting geometry, which
means that they present iridescence [7], like the interfer-
ence colours seen in thin soap films or bubbles [8,9].
Cellulose is produced mainly by plants and the chiral
centres of the polymer backbone are normally associated
with the formation of a liquid crystalline cholesteric
phase (also known as chiral nematic phase) [10,11], as
schematically represented in Figure 1(e). The cholesteric
phase is present in lyotropic as well as in thermotropic
systems, which are obtained from cellulose-based mate-
rials, and a pallet of structural colours can be obtained
[12]. The cholesteric structure is characterized by the
sense and the value of the pitch (P) of the helical con-
figuration [13,14], as shown in Figure 1(e). These helical
structures are responsible for the cholesteric iridescence
of the material, and its selective reflection depends on
the viewing angle, the wavelength of the incident light
and the sense of its circular polarization [15].
A cholesteric structure presents a reflected wave-
length value (λ) which is conditioned by the length of
the helical pitch (P) and the average refraction index (n)
of the material, according to de Vries expression [16]
λ ¼ nPðsin θÞ (1)
considering θ as the angle between the propagation of the
incident light and the direction perpendicular to the
cholesteric layers. Therefore, at a normal angle of inci-
dence (θ = π/2 rad), the wavelength of the reflected light is
directly proportional to the cholesteric helical pitch
[17,18]. From the white disordered cotton structure, cho-
lesteric vivid, iridescent colours can emerge if anisotropic
structures are isolated and self-assembled (Figure 1(f)).
The values of the cholesteric pitch, in the range of the
wavelength of the visible light [12] determine the colour
of the samples. Moreover, for normal light incidence,
circularly polarized light having the same handedness of
the helix is completely reflected, whilst a circularly polar-
ized light with opposite handedness is completely trans-
mitted [14,15].
In the 1960s, Bouligand and later on, Neville [19,20],
implemented experiments that evidenced that the opti-
cal properties, and the structures observed by Scanning
Electron Microscopy (SEM), of the cuticles of some
beetles and other biological systems such as plants.
They found that the structures observed were somehow
analogous to what was known for cholesterics [21,22].
Bouligand, was responsible for far-reaching research
on cholesteric structures, showing meticulous three-
dimensional prototypes and drawings of their textures
and morphology (Figure 2(a)) and other living beings
Figure 1. (Colour online) Cellulosic structural colours. (a) Cotton flower, (b) Electrospun cellulose-based non-woven membrane (c)
Tulip Queen of the Night flower [6] Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, (d) Blue iridescence genus
Selaginella plant reproduced with permission from [2], (e) Scheme of a cholesteric structure, where P/2 is half the length of the
structure’s pitch, (f) Macroscopic images of HPC/water mesophases with different concentrations (low to high HPC concentration in
water, from left to right) reproduced under Creative Commons Attribution 4.0 International License [12].
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[22–25]. Bouligand evidenced the similarity existing
between the molecular orientation of the molecules in
the cholesteric phase and observed the orientation of
microfibrils in plant structures (Figure 2(b)).
The dimension of the constituents of the helicoidal
structures might range from the nanoscale to a few
micrometres. Bouligand proposed a model in which
a set of fibrils with arcs is arranged in space with
a certain periodicity. In this model, the fibrils had an
axial symmetry and an oblique section of these fibril
arrangement results in a series of arcs whose direction
of concavity reverses on either side of the trace of the
axis. Whatever the direction of an oblique cut, the
series of arcs obtained, have all the same sense of
concavity. These particular geometrical arrangement
is found in several very different biological materials
with different functions [26]. Bouligand described that
a regular lamellar structure is revealed by sectional
examination of a large number of biological systems
such as plants and beetles. The lamellae containing
fibres arranged in a characteristic way were observed
by SEM. Each lamella observed in an oblique section is
apparently composed by fibres arranged according to
arcs. In fact, he verified the lack of fibrils curling
(Figure 2(b)) in the thickness of the lamellae; this
aspect is an illusion due to the fact that the filaments
are parallel to each other, but their orientation gradu-
ally changes, and in each successive layer the fibrillar
direction is turned in a small angle about an axis
perpendicular to the planes. These bow-shaped geome-
tries are characteristic of cholesterics (Figure 2(b)) [27].
Bouligand stated that the twisting of fibrils in one
direction, for a certain number of biological materials,
could arise from the helical or double helical config-
urations of the biological macromolecules. He attribu-
ted the formation of these organized solid structures to
Figure 2. (Colour online) Cellulose-based helicoidal structures. (a) Periodic arcs shaped during cellular differentiation [32], (b)
Bouligand structure showing a stacking of layers in which the lines in each layer are rotated 30º from the previous layer. Cylindrical
model, cut by oblique planes, idealized by Bouligand to visualize the formation of arcs in a cholesteric structure [27]. (c) Picture of
Pollia condensata fruit, (d) Fresh fruits of Margaritaria nobilis. Fruits at successive stages of desiccation, from left to right, fully
hydrated to dry, respectively. The average dimension of the fruits is about 1 cm. Reproduced from [31] with permission of ROYAL
SOCIETY in the format Republish in a journal/magazine via Copyright Clearance Center.
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liquid state secretions of plants that self-assembly in an
ordered manner. The existence of ordered fluids and
possibly ordered liquid secretions could provide an
interesting mechanism in morphogenesis for certain
fibrous networks [22].
Plants produce cellulose using enzymatic processes.
The cellulose molecules are assembled into fibrils that
are then arranged into larger entities named microfi-
brils, the units that form fibres [19]. These cellulose
fibres form the structures that allow the plants to create
skeletons. The orientation that the microfibrils assume
within the cellulose fibres depends on numerous fac-
tors, but the existence of an helicoidal morphology is
vastly prevalent within the plantae in very different
plant tissues and purposes [20,28]. In 1993, Graham
et al. [29] observed iridescent colours in two ferns,
Danaea nodosa and Trichomanes elegans. The authors
found that, in the case of the Danaea nodosa, the
displayed colours are due to the presence of layers of
microfibrils of cellulose in the adaxial epidermis that
forms a helicoidal structure. Later, in 1996, Gould et al.
[30] studied plants originated from the Malaysian rain
forest. These plants possess iridescent leaves and the
authors showed that two species, Diplazium tomento-
sum BI. (Athyriaceae) and Lindsaea lucida BI.
(Lindsaeaceae), have a helicoidal structure in the out-
ermost cell wall layer of the adaxial epidermis (in the
case of the Diplazium tomentosum) and of the abaxial
and adaxial epidermis (in the case of the Lindsaea
lucida). The authors proposed that these structures
are responsible for the reflected blue and green light,
characteristic of these species, due to constructive
interference of the reflected light.
Beside leaves, also fruits display iridescent structural
colours. In 2012, Vignolini et al. [5] showed that the
iridescent blue colour exhibited by the fruit of the Pollia
condensata (Figure 2(c)) is due to the presence of thick-
walled cells in the epicarp forming a helicoidal structures
corresponding to the orientation of cellulose microfibrils
oriented in such a way that a helix is formed. One clear
indication that the reflected colour is structural (rather
than due to pigmentation) is the observation that the
colour does not fade with time; the authors reported
that one of these fruits collected in the 1970 decade,
retains until now a bright colouration. This work surpris-
ingly reports that the Pollia condensata fruit reflects light
with both left-handed and right-handed circular-polar-
ized light. More recently, in 2016, Vignolini et al. [31]
studied the fruit of theMargaritaria nobilis. This fruit has
a green-blue colour when fresh and a pearlescent colour
when dry (Figure 2(d)). It was observed that the transi-
tion from the fresh to the dry state, and vice-versa, is
accompanied by the corresponding colour change,
indicating that the process by which the colour is
obtained in each state is reversible. The authors found
that the exhibited colours have a structural origin and do
not depend on the presence of pigments. This work
purposes that the described optical behaviour is due to
the presence of a helicoidal structure in the cell wall of the
pericarp cells. When the fruit is dry, the seeds shrink,
creating a layer of air between the seeds and the endocarp,
stopping light absorption and, decreasing the contrast.
When the fruit is hydrated, the expansion of the seeds
eliminates the layer of air and the seeds contact with the
endocarp, promoting the appearance of the blue-green
colour. These examples highlight the macroscopic effect
that can be observed (structural colour) when cellulose
microfibrils are present, in a much smaller scale with
a periodical helicoidal structure.
2. Cholesteric-type structures at different
scales – from molecules to the macroscale
Cholesteric-like structures, described in detail in the
previous section, can be found in plants across a wide
range of scales.
In 1951, Ranby described the production of colloidal
suspensions of cellulose fibres obtained by acid hydro-
lysis of cellulose [33]. One of the designations proposed
for cellulose nanocrystals, prepared by for cellulose
nanocrystals, prepared by acid hydrolysis, were cellu-
lose nano crystals (CNCs). These crystals are chemi-
cally and biologically inert [34]. In the beginning of the
1950s, transmission electron microscopy (TEM) obser-
vations performed by Mukherjee and Woods showed
that these cellulose fibrils have a crystallographic struc-
ture similar to the cellulose fibres [35,36] used in its
production. This type of nanocellulose is prepared by
separation of the crystalline regions of semi-crystalline
cellulosic fibres and of removal of the polysaccharides
of the surface of the fibre followed by removal of the
amorphous regions.
The observation of a birefringent phase originated by
a suspension of cellulose crystallites obtained by acid
hydrolysis was first reported by Marchessault et al. in
1959 [37].
The process of acid hydrolysis involved in the produc-
tion of CNCs is discussed in the comprehensive review
made by Klemm et al. [38] concerning nanocelluloses and
by other groups, such as Ruiz et al. [39] or Habibi et al.
[34]. These works mention the fact that, during acid
hydrolysis, the removal of amorphous cellulose regions
is favoured compared to the crystalline regions that have
higher resistance to chemical attack [38].
Later, in 1992, Revol et al. reported the formation of
cholesteric helical structures in suspensions of cellulose
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nanoparticles. In this work, the team describes how
a dispersion, in water, of cellulose microfibrils self-
assembles above a critical concentration in order to
create a phase that is chiral nematic liquid crystalline
[40]. Concerning these cholesteric suspensions, one of
the most important observations is the fact that cho-
lesteric helix is always left-handed [38], unlike what
happens for cholesteric phases of cellulose derivatives
where right-handed and left-handed structures can be
observed.
Later, in 2001, Fleming et al. [41] demonstrated that
the formation of these chiral nematic could be due to the
fact that the cellulose microfibrils have a screw-like shape.
According to the authors, during packing the fibrils do
not align themselves parallel to each other, but as
described above (Figures 1(e) and Figure 2(b)).
As mentioned above, cellulose chains that are long
and semi-rigid [42], can form liquid crystalline phases
[43]. In fact, in 1980 two reports by Chanzy et al. [44]
and Navard [45], described the formation of liquid
crystalline phases obtained from cellulose solutions.
In the following year, Patel [46] also described
a similar phase. Later, in 1983 McCormick et al.
reported the formation of a lyotropic phase in
a solution of cellulose in N,N-dimethylacetamide [47].
Due to the rigidity of the cellulose main chain, not
only cellulose but also its derivatives can form liquid
crystalline phases if the conditions are adequate. The
hydroxyl groups present in the cellulose macromolecule
can be used to promote substitution reactions that ori-
ginate different derivatives depending on the lateral
substituent. In 1976, Werbowyj [48] observed
a lyotropic phase-in of hydroxypropylcellulose (HPC)
in water for a concentration of approximately 40% (w/
w), in polymer. When the polymer concentration of
approximately 60% (w/w), iridescent colours typical of
the cholesteric phase were observed. In 1981, Tseng et al.
[49] reported that (acetoxypropyl)cellulose (APC) could
also form lyotropic phases. Other reports of different
cellulose derivatives that form cholesteric phases can be
found in the literature [50]. Bheda et al. [51] observed, in
1980, cholesteric phases in solutions of ethylcellulose in
acetic acid for polymer concentrations of almost 50%
(w/w). The critical concentration for the formation of
the lyotropic phase depends on the interaction between
the side chains of the cellulosic derivative, the solvent
used and the rigidity of the cellulose chain. The transi-
tion from isotropic liquid to liquid crystal requires
mobility of the main chain.
In 1956, Flory [52] proposed a theoretical model to
determine the value of the lowest concentration of
polymer above which the formation of the liquid crys-
talline phase occurs, normally referred to as the critical
concentration. This model has in consideration the
persistence length (q) of the polymeric chains and the
value of the Kuhn segment [53].
Besides being able to form mesophases in solution,
above a critical concentration, cellulosic derivatives also
form thermotropic phases. In 1981, Tseng et al. [49]
observed that films of APC exhibit colours when heated.
In the same year, Shimamura et al. [54] reported that
low molecular mass HPC reflects colour when heated to
high temperatures. In 1982, Gray et al. [55] reported the
existence of the same effect for the trifluoroacetate ester
of HPC. This ability of the cellulosic derivatives to form
thermotropic phases is an indication that the side chains
act as a solvent (or plasticizer) increasing the mobility of
the main chains.
The plant cell wall typically with 0.1 µm to 0.3 µm
thicknesses, serves as a protection for the cells and pre-
sents cholesteric order. To provide mechanical strength,
the primary cell walls is constituted by cellulose micro-
fibrils of between 500 and 14,000 glucose units [56].
Emons et al. [57] refer in 2000, that one of the possible
configurations that the cellulose microfibrils can assume
is helical. In 2017, Mitov [56] published a detailed review
concerning the presence of cholesteric order in living
organisms, including plants.
The advantages for plants of cholesteric structures
range from enhanced mechanical properties to the ability
to display iridescent colours. From the mechanical resis-
tance point of view, Murugesan et al. [11], developed in
2010 a model based on the Landau-de Gennes theory, in
which the cholesteric configuration of the plant cell wall
has a better performance against the propagation of frac-
tures by deviating the direction of the propagating crack.
In 2017, Tan et al. [58] confirmed the enhancement of the
mechanical properties in structures with fibres with an
helicoidal alignment. In this work, the authors printed
three different types of composites reinforced by helicoi-
dal fibres. Compression tests showed that these structures
have higher compressive resistance than other compo-
sites reinforced by fibres organized in other configura-
tions. The authors conclude that the increased resistance
to compression is mostly dependent on the pitch and the
orientation of the optical axis. More recently, Canejo et al.
reported on the interactions between stretched liquid
crystalline filaments, which modify their topology and
geometry, thus being crucial for tuning their mechanical
and optical properties [59].
3. Cholesteric-type structure at the macroscale
and movement
Plants present a wide variety of motions, which are
even present in Sclerenchymal tissues of dead cells,
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driven from external stimulus. The slow opening of
pine cones [60], the leaf closing of the sensitive plant,
Mimosa pudica [61] and the rapid snapping of the
Venus flytrap leaf, Dionaea muscipula [62] are some
of the movements induced by external elements such as
the presence of water or mechanical stimulation. Plant
motions, mostly driven by water-swelling or shrinkage
of cells inside the tissues, are very different from mus-
cle-driven mechanisms in animals [20]. Plant cells sur-
vive significant pressure variations because their cell
wall is enclosed with stiff cellulose fibres and other
polysaccharides, such as hemicellulose and pectin
[63]. The organization of cellulose fibres dictates the
changes in the shape of the plant, upon exposed to an
external-stimuli. The spatial distribution of the cellu-
lose fibres, between the different constituent materials,
determines the shape and complexity of the deforma-
tions [64]. The macroscopic movement of the plant is
dictated by the organization of cells within the ‘mobile’
tissue, whereas the mechanical response of the indivi-
dual cell is determined by the cellulose microfibril
stiffening of the cell wall [65].
The organization of plant cells with different mechan-
ical properties may promote stress or movement (or both),
when adjacent cells contract (or expand) differently, result-
ing in accumulation of tension in the tissue [66].
An example of bend-twist motion was observed in
a group of plants from the Geraniaceae family. The
main characteristics of this family is a beak-shaped
fruit that is composed of five mericarps arranged around
a central column. The mericarp is composed of
a capsule with a fruit inside and a long tapering awn.
During the drying of the fruit, the tension is accumu-
lated in the awn cells, as a result of differential contrac-
tion of the tissues, and the detachment of awn from the
plant is promoted. The coiled awn also responds to
changes in the ambient humidity and this mechanism
is responsible for the seed self-burial into the ground
[66]. An helicoidal structure of a tilted assembly of the
cellulose microfibrils, embracing a soft matrix of poly-
saccharides should dictate the coiling mechanism upon
variation of water content (Figure 3(a)). The Erodium is
a good representative of this family [67]. In the cells of
the Erodium awn, the helix axis (in yellow) forms an
angle with the cell axis (in red), promoting a change of
the microfibril angle (MFA) between cellulose and the
cell axis around the cell (Figure 3(b)). As a consequence
of this tilted microfibril helix, compared to the long axis
Figure 3. (Colour online) Structure of Erodium cellulose-based awns. (a) Schematic illustration of a cellulose microfibril that is
organized in a tilted helix (in orange). The long axis of the cell is represented by a red rod, and the cellulose helix axis by yellow
rods and side projection of the cell wall showing that the long axis of the cell (red arrow) lies at an angle to the cellulose helix axis
(yellow arrows). (b) Schematic representation of two idealized different microfibril angle (MFA) obtained in relation to the long axis of
the cell, represented by MFA1 and MFA2, as the MFA changes around the cell wall in a tilted helix configuration. The tilt, which is the
angle between the cellulose helix axis and the long axis of the cell, is indicated in the illustration by a curved green line. MFAH is the
angle between the tilted angle and the angle defined by the dotted line (half of the angle between the blue streaks). Reproduced from
[68] © 2013 The Authors. New Phytologist © 2013 New Phytologist Trust. Side views of Erodium awns, dry (c) and wet (d) after swollen
in an alkali solution. Reproduced from Ref [71]. With permission from The Royal Society of Chemistry 2019. The arrows indicate the
sense of rotation. Hairs, denoted by black arrows, are outside (c) and inside (d) of the helicoidal awns. SEM pictures of fibre cells of the
original (e) and (g) and after alkali treatment (f) and (h), isolated from the inner layer of the Erodium awns.
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of the cell, a contraction, in a direction perpendicular to
the cell long axis, is generated. This contraction causes
the cell to simultaneously bend and twist, when the cells
dry, resulting in a macroscopic coiling movement
[68,69]. Other hygroscopic tissues, found in awns of
wild wheat, present a layered structure is found respon-
sible for the bending movement of the awn [70]. The
layered structure presents soft and rigid constituents,
which contract asymmetrically in the presence of
water. The cellulose fibrils alignment, in each layer,
seems to determine the bending of the awns.
A cellulose-based skeleton was isolated, chemically
modified, and used as a template from Erodium awns.
The cellulose-based material, which reversibly changes
its chirality as a response to variations in the hydration
levels, was recently reported [71]. The Erodium right-
handed helix (Figure 3(c)) is converted to a left-handed
helix after alkali treatment (Figure 3(d)), returning to
right-handed structure after drying. The wet structure
(left-handed) shows long hairs at the inner surface of
the helix, contrary to the dry structure (right-handed),
as a consequence of the macroscopic reversal of their
chirality. The chemical treatment modified the physical
properties of the cells responsible for the movement
without affecting the coiling mechanism. The sewing
thread-like and circular fibre cells of the pristine awn
(Figure 3(e)) after chemical treatment displays wrinkles
along the tangential axis and a sinuous-like cross-sec-
tion (Figure 3(f)). The chemical treatment modified the
physical properties of the cellulose network but did not
destroy the structure at the nanoscale, preserving their
tilted structure [71] (Figure 3(g) and (h)). The curva-
ture and torsion arise from the pristine-tilted arrange-
ment of the cellulosic fibre in the active fibre cells. The
inversion of the helix at the macroscale is linked with
the stretching of the tilted cellulosic fibre network in
diagonal directions. This behaviour is possible because
the cellulosic network becomes more permeable to
water due to the chemical treatment. The structure
imprinted by the plant is always ruling the movement.
However, the higher expansion and contraction of the
fibre cells, when compared to the non-treated struc-
ture, drives the observed inversion of chirality [71].
Solid films prepared from HPC/water anisotropic
solutions, showed a behaviour similar to liquid crystal
networks. The films responded anisotropically to
humidity, as a result of the organization of the rod-
like fragments, coupling the orientational order to
mechanical strain [72]. The solutions were spread on
a glass substrate, with the free surface exposed to air.
The cellulose concentration is high enough for the
formation of the liquid crystal phase and the alignment
of the mesogenic fragments was achieved by sheer with
a calibrated Gardner knife moving at a controlled speed
(Figure 4(a)). When the films were exposed to humid-
ity the water penetrated the sample promoting its
bending around an axis parallel to the shear direction,
as shown in Figure 4(a) i), with the free surface on the
outside. This behaviour was due to the expansion of
the free surface of the film in the direction perpendi-
cular to the director and the decrease of the order
parameter in the presence of water [72]. If the glass
side of the film was exposed to water vapour, it bended
around an axis perpendicular to the shear direction,
(Figure 4(a) ii). This behaviour is consistent with
a nearly isotropic expansion of the glass side of the
film surface due to the presence of water [72].
The design and fabrication of a sandwich-like struc-
ture based on a cellulose nanocrystals (CNC) compo-
site, using a simple and inexpensive self-assembled
method, was reported by Wu et al. [73]. This system
is composed of flexible polyethylene glycol diacrylate
(PEGDA) mixed with CNCs in a uniaxially oriented
polyamide-6 (PA-6) film, used as a half-wave retarder
in the sandwich structure (Figure 4(b)). The composite
photonic film produced presents reversible three-
dimensional deformation when exposed to humidity
and simultaneous shift of the Bragg reflection band
(Figure 4(c)). The film bends in the opposite direction
of the moisture source. This behaviour is due to the
increase of the helical pitch on the side of the film
exposed to wet air and consequent asymmetric expan-
sion of the sandwich-structured composite film. This
asymmetric expansion is also promoted due to the
presence of the PA-6 interlayer that acts as
a hydrophobic barrier. The deformational behaviour,
that can be twisting and bending of the sandwich
structured photonic film in the presence of wet air, is
dependent of the cutting angle. The change in the
reflected colour was also observed during this deforma-
tion process as can be seen in Figure 4(c). The CNC
nanocomposite film returned to the initial state when
the humidity was removed. This composite device pre-
sents a promising potential for the development of
humidity responsive colour-changing actuators [73].
The mechanical response of oxidized nanofibrillated
cellulose films, when exposed to water fluxes, was
reported by Bettotti et al. [74]. These films reversibly
transduce a water gradient into a fast and reversible
bending movement. The bending movement follows
the direction of the flux of water molecules and its
rate is dependent on the magnitude of this flux [74].
Zhang et al. reported a cellulose stearoyl ester trans-
parent free-standing and moisture-responsive film
obtained after solvent-casting. The films presented
bending movements and reversible shape changes
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when exposed to water vapour [75]. If a bilayer film of
cellulose stearoyl esters with different degrees of sub-
stitution on each side is produced, it is possible to
obtain a combined responsiveness to moisture and
temperature. It is also possible to adjust the minimal
bending extent simply by changing the thickness of the
cellulose stearoyl ester film [75].
The different spatial distributions of the constituents
of the engineered cellulosic systems determine the shape
and complexity of the deformation, similar to cellulose
fibre orientation in plants, which dictates their shape
modification as a response to external stimuli [64].
4. Applications; inspiration coming from
Nature. A new world of opportunities coming
from cellulose-based materials
Nature is a great inspiration for the design of new
materials, the development of a cellulosic Bouligand-
type structure, that is responsible for the intense colour
in Polia condensata fruit, was reported by Kose et al.
[76]. A homogeneous, stretchable CNC/elastomer com-
posite with a chiral nematic organization of CNCs was
developed. The chiral nematic CNC elastomer (CNC –
E) can experience large deformations by applying
mechanical stress, and rapidly return to its original
shape when the stress is removed (Figure 5(a)). Once
the composite is stretched, the robust chiral nematic
structure unwinds into a pseudo-nematic arrangement.
The SEM image of the CNC-E cross-section revealed
a periodic structure (Figure 5(b)). When the CNC-E was
observed between cross polarizers, brilliant interference
colours that change with the mechanical stress applied
(extension and contraction) were observed (Figure 5(c))
[76]. This stimuli-responsive material, with the reversi-
ble unwinding of the Bouligand structure, is a great
candidate for applications in flexible optics and sensing.
Cellulose nanocrystals are possible materials for the
fabrication of these structures due to their natural chiral
nematic self-assembly [77].
Transparent and flexible laminar composite choles-
teric- and nematic-like CNC-based films were reported
Figure 4. (Colour online) Cellulose-based systems responsive to moisture. (a) Schematic of the apparatus used to produce HPC shear
casted films from lyotropic liquid crystalline solutions, with different thicknesses (range from 30 μm to 100 μm) depending on the
Gardner knife gap and speed. (i) Bending of the HPC free-standing films top surface and (ii) the film glass bottom surface exposed to
water vapour, the arrows indicate the shear direction. Reproduced from [72] © 2013, Springer Nature. (b) Schematic representation
of water vapour-based actuation in a sandwich-structured nanocomposite film. (c) Scheme of a sandwich-structured composite film
cut at different angles, which influence the shape-changing behaviour of the film (including bend and twist) and a corresponding
image of the films cut at different angles (bottom images). Reproduced from [73] with permission of Royal Society of Chemistry in
the format Journal/magazine via Copyright Clearance Center.
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by De La Cruz et al. [78]. A three-layer film with
helicoidal and nematic-like organization of the cellu-
lose nanocrystals mimics the cuticula of Plusiotis
resplendens beetles. The birefringence of three-layer
CNC film can be coarsely or finely tuned when bacter-
ial or cotton CNC are used, respectively. This low-cost
high reflective material can be used in colour filters or
document security features [78].
The self-assembly process of coloured biomimetic
cellulose films similar to Pollia condensata was reported
by Dumanli et al. [79]. The fine-tuning of the colour of
the film can be performed by carefully controlling the
water evaporation. After quantification of the disorder
within the sample, the authors stated that the colour
fluctuations in these films are due to a non-uniform
helical-pitch and not to chiral nematic director misa-
lignment. These findings paved the way to the use of
cellulose-based optic sensors [79]. It is also possible to
combine the structural colouration with, for instance,
shape memory effects, if the iridescent films of CNCs
are embedded in a polydiolcitrate elastomer. This
hybrid thermoresponsive chiral nematic photonic
material can be used in a wide range of applications
as multi-responsive device and sensors [80].
Freestanding CNC solid iridescent films, which reflect
simultaneously right and left circularly polarized light
were reported by Fernandes et al. [81]. These structures
display similar optical characteristics to the cuticula of
Plusiotis resplendens. To produce the cellulose-based
photonic structure iridescent CNCs left-handed solid
films were impregnated with 4-cyano-4′-pentylbiphenyl
(5CB) nematic liquid crystal (LC) (Figure 5(d)). The light
reflection of the structure was found to be tuned by
temperature and by the application of an electrical field.
Figure 5. (Colour online) Tuning the colour of cellulose-based materials. (a) Schematic illustration of the preparation of the chiral
nematic organization of CNCs and preparation process of CNC-E, (b) Cross-section SEM image of CNC-E film, (c) Photographs of CNC-
E stretching as viewed under crossed polarizers. The colour of the composite changes from white to blue to yellow to pink to green
upon stretching. (Arrows in image indicate polarization axes of both linear polarizer and analyzer.) Reproduced from [76] under
Creative Commons Attribution 4.0 International License. (d) scheme representing the cross-section near the gap, G, of a sandwich of
two left cholesteric domains Ch1 and Ch2 with different pitches (left) and scheme showing the gap filled with the liquid crystal
(5CB) sandwiched between the two left cholesteric domains (Ch′1 and Ch′2) (right). (e) Photographs of CNC and 5CB composite film
observed through unpolarized white light (i) and circularly polarized light showing different reflection colours in LCP (ii) and RCP (iii)
light channels as Plusiotis resplendens (silhouette in panels). Reproduced from [81] © 2016 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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The predominant colours of the film, under white light,
was red and green, as shown in Figure 5(e) (i). The
introduction of the liquid crystal on the CNC film
increased the cellulose network cholesteric pitch, becom-
ing the reflected green regions in the left circularly polar-
ized (LCP), red in the right circularly polarized (RCP)
channel and vice versa (Figure 5(e) (ii) and (iii)). The
authors took advantage of the existence of gaps between
left-hand cholesteric structures, to build the cellulose
device, with response times in the order of milliseconds,
with potential applications in photonics [81].
Another interesting cellulose-based photonic system is
hydroxypropyl-cellulose (HPC)/water, which generates
helical structures with Bragg-like reflections, determined
by the helical pitch. The vivid colours observed with HPC/
water systems changed dynamically through the manipu-
lation of the pitch, for example, by mechanical expansion
or compression of the solutions [50,82]. The initial char-
acteristic colour of the system (red, green or blue) is tuned
by controlling the concentration of the polymer. Taking
into consideration this characteristic and the variation of
the cholesteric pitch with pressure, Liang et al. [12] man-
ufactured a meter-scale HPC/water laminate. These HPC
stimuli-responsive photonic films present a mechano-
chromic pressure response that enables the recording of
pressure profiles generated by foot-prints in real time. This
approach presents a great potential for cost-effective large-
area mapping applications [12].
Inspired by botanical systems, such as tendrils, leaves
or flowers, Gladman et al. printed a composite NCC
hydrogel [83]. The encoded architecture is achieved by
a combination of materials and geometry that can be
controlled in space and time. The hydrogel composite
ink used for 4D printing is composed of stiff cellulose
fibrils embedded in a soft acrylamide matrix. The aniso-
tropic swelling of the material allows precise control over
the structure curvature. The hydrogel composite ink for-
mulation can be extended to a broad range of matrices
and anisotropic fillers, and if combined with flow-induced
anisotropy will allow the production of reconfigurable
materials with tunable functionality. This methodology
paves the way for the creation of new shape-shifting
architectures for several applications such as tissue engi-
neering, biomedical devices and soft robotics [83].
5. Summary and outlook
Solid structures resembling ordered cholesteric phases
are present in cellulosic structures, which are found in
the cell wall of the tissues of Plants. The nematic chiral
phase organization assures not only the mechanical
properties of the Plant but is also responsible for the
structural colours displayed by some fruits, leaves and
flowers. Quite fascinating and unique is to take the white
cotton and ‘decompose’ it into a pallet of vivid cellulose-
based structural colours, which goes from violet to red.
It is interesting to note that helicoidal responsive
structures, imprinted by some plants, remain active in
dead tissues even after leaving the plant. These observa-
tions are a source of inspiration for producing cellulosic
materials with features completely different from those
currently known for the use of cellulosic materials, which
are mainly used for packaging and paper production.
Considering the replacement of plastics by materials of
plant origin, it is interesting to think that cellulose-based
materials can not only replace the polyolefins, used for
conventional applications, but it opens paths to hitherto
not explored applications. In this context, it worth noting
the production of materials with structural colours as well
as motors, which are actuated by moisture gradients.
Although the complicated structures produced by plants
are not possible to mimic, the solid structures, obtained
from cellulosic liquid crystalline structures, are a source
of inspiration for the manufacturing of functional mate-
rials, from the most abundant polymer on our planet.
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The tracheary system of plant leaves is composed of a cellulose
skeleton with diverse hierarchical structures. It is built of polygo-
nally bent helical microfilaments of cellulose-based nanostructures
coated by different layers, which provide them high compression
resistance, elasticity, and roughness. Their function includes the
transport of water and nutrients from the roots to the leaves.
Unveiling details about local interactions of tracheary elements with
surrounding material, which varies between plants due to adaptation
to different environments, is crucial for understanding ascending fluid
transport and for tracheary mechanical strength relevant to potential
applications. Here we show that plant tracheary microfilaments, col-
lected from Agapanthus africanus and Ornithogalum thyrsoides
leaves, have different surface morphologies, revealed by nematic liq-
uid crystal droplets. This results in diverse interactions among micro-
filaments and with the environment; the differences translate to
diverse mechanical properties of entangled microfilaments and their
potential applications. The presented study also introduces routes for
accurate characterization of plants’ microfilaments.
nematic liquid crystals | tracheary microfilaments | morphology |
mechanical properties
Microfilaments, which are found in the plant leaves, are acrucial part of plant physiology because they are tightly
coiled forming the xylem vessels, tubes through which fluids are
transported from the roots to the leaves (1–9). The xylem vessels
are present in all plants, and to date, only left-handed helical
microfilaments have been isolated (10). It was also reported that
the helix diameter depends upon the dimensions of the xylem
vessels of the leaves, which is consistent within the species, with
individual microfilament diameters of the order of 1.5–2 μm (4).
The tubes, made by the microfilaments, appear in tightly packed
bundles providing also mechanical strength to the leaves (11).
The bundles of helical microfilaments of the tubes are revealed
upon breaking the leaves (Fig. 1 A–C). Chemical methods or
simpler extraction procedures, consisting of breaking the leaves
and removing the spiral vessels, are described in literature (4, 6).
Due to the abundance of xylem vessels, easy isolation, and low-
cost and consistent manufacturing for large-scale mass production,
the microfilament helices have been used for biotemplating and
for microswimmer fabrication (4, 6, 9). It is worth mentioning that
300 microfilaments are easily isolated from a single Agapanthus
africanus stem (4).
Plant microfilaments isolated from xylem vessels can have
similar diameters to electrospun or spider silk microfilaments.
For this reason, similar methods, previously developed for the
characterization of microfilaments, found in the animal kingdom
or in nonwoven artificial membranes (12–17), can be used to
characterize the morphology of microfilaments isolated from the
tracheary system of plants. Recently, the responsiveness of liquid
crystals to external factors was exploited to sense the surface
morphology and the chirality of electrospun cellulose and natu-
ral spider silk microfilaments, by application of micronematic
droplets (18). Quantitative measurements were also performed
with microfilaments that promote planar or helicoidal alignment,
inserted in cells with well-defined homeotropic anchoring at the
surfaces. Manipulation of the nematic texture with electric and
magnetic fields was used to determine the microfilament’s chi-
rality and handedness (18, 19). The correspondence between the
nematic liquid crystal anchoring properties of natural microfila-
ments and their surface morphology and chemical makeup is a
challenging open question, as discussed previously in literature (20).
In this work, we establish correlations between mechanical
properties and surface morphology of entangled microfilaments,
collected from two different plants’ species, A. africanus and
Ornithogalum thyrsoides, which belong to the same Asparagales
order. Different chemical treatments were imposed to the mi-
crofilaments to expose different layers of the surface, before
characterizing the surface morphology, by deposition of nematic
droplets. This method presents advantages compared with con-
ventional observation techniques such as scanning electron mi-
croscopy (SEM), transmission electron microscopy (TEM), and
atomic force microscopy (AFM) since it determines surface
orientations at the molecular scale without use of sophisticate
equipment and is conducted under ambient conditions. It pro-
vides insights into small, almost imperceptible surface details of
the cellulosic microfilaments. These surface details appear to be
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crucial for the mechanical behavior of the microfilaments and
their interaction with the environment.
Morphology of Helical Tracheary Microfilaments
For this study, helical tracheary elements extracted from plants
belonging to the same Asparagales order, A. africanus (Fig. 1A)
and O. thyrsoides (Fig. 1B), were chosen. The helical tracheary
elements were easily isolated and showed very different mechan-
ical properties. Both of them had similar diameters of the order of
1–2.5 μm and were isolated by simply breaking the leaves and
pulling the two parts apart (Fig. 1 A1 and B1). The cross section of
the A. africanus leaf with vascular bundles, from where the mi-
crofilaments were collected, was also observed by SEM (Fig. 1C).
SEM pictures of single relaxed (Fig. 1D) and stretched microfil-
aments (Fig. 1 E and F) reveal the polygon-helical shapes that
arise due to packing of many such tracheary tubes. The hexagonal
packing is the densest packing with the smallest surface/volume
ratio. In fact, the corners of the polygonal outline give rise to
kinks/elbows when the microfilaments are stretched (highlighted
by a white circle in Fig. 1 E and F).
The microfilaments were also observed stretched under po-
larized optical microscopy (POM) with cross polarizers and a
wave lambda plate, λ = 530 nm (Fig. 1G1), between cross
polarizers (Fig. 1G2) and between parallel polarizers (Fig. 1G3).
The birefringence of the microfilaments and the blue and orange
colors observed, when the sample is seen between crossed
polarizers with the lambda plate (Fig. 1G1), indicate that the
cellulosic material, forming the skeleton of the microfilaments, is
aligned along their main axis. This was already mentioned in
literature for celery tracheary elements (10). However, the black
spots observed between crossed and parallel polarizers (Fig. 1G2
and G3) along the microfilaments are an indication of a local
misalignment, causing light scattering and consequently reduced
light transmission. These spots mostly correspond to the elbows,
the corners of helical polygons (white circle in Fig. 1G1), where
strain caused by the straightening of the elbow induces local
nanostructure disorder in the microfilament. To gather more
evidence, the microfilaments were treated with alkalis (SI Ap-
pendix) to remove the outer layers and expose the inner cellulose
skeleton (IR and X-ray diffractograms in SI Appendix, Figs. S2
and S3). In Fig. 1 H and I, we observe cellulose nanostructures
aligned with the main axis of the microfilaments as well as
clusters of misaligned cellulose nanostructures. Individual cel-
lulose nanostructures (spike-like crystals and platelets of elon-
gated shapes) are observed in the SEM image. These observations
are in accordance with the existence of disordered areas induced
by stretching of microfilaments from polygonal shaped helices (see
also SI Appendix, Fig. S1). Similar observations, by AFM, were
described in literature but attributed to defects induced when the
helical microfilaments with circular cross sections were removed
from the leaves (10).
The untreated microfilaments extracted from leaves of both
plants A. africanus and O. thyrsoides were thoroughly investigated
by SEM (Fig. 2 A1–D1 and A2–D2, respectively). Both microfil-
aments exhibit similar diameters, and elbows appear along the
helical shapes when stretched. However, the surface morphology
of the microfilaments isolated from A. africanus (Fig. 2A1) is
distinguished by the presence of nanospherical particles, which
gives the filament a rough appearance. The filament isolated
from O. thyrsoides presents a smoother outer surface (Fig. 2A2).
Nematic droplet chains, dispersed along the microfilaments,
were used to spot surface-imposed interactions and morphol-
ogies (Fig. 2 B1 and B2). The droplets were in a size range larger
than the anchoring extrapolation length and small enough to be
observed individually. The droplets deposited on A. africanus
microfilaments show ellipsoidal fringes under polarized light
(Fig. 2 B1, C1, and D1), while O. thyrsoides microfilaments induce
the formation of a defect ring in the middle of the droplet (Fig. 2
B2, C2, and D2). To extract more quantitative characteristics
about the microfilament surface, the polarization microscopy
analysis is compared with the simulated optical micrographs
based on numerical continuum modeling of nematic structures
in droplets with perpendicular molecular orientation at outer
interface and pierced by microfilaments with selected anchoring
properties (21–23) (SI Appendix). With the orientational re-
sponse of the nematic, the direct signature of the microfilament
surface morphologies and interactions (24, 25) was determined.
For the microfilaments of A. africanus, the typical transmission
micrographs with ellipsoidal fringes on both sides of the micro-
filament imply homeotropic (perpendicular) surface alignment
(Fig. 2 E1, F1, and G1). For surfaces rough on nanoscale, an
effective weak perpendicular anchoring occurs independent from
the details of molecular interactions. The O. thyrsoides micro-
filaments, which are smooth on nanoscale, impose axial tan-
gential surface anchoring, producing ring defects encircling the
Fig. 1. A. africanus and O. thyrsoides tracheary microfilaments. Photo-
graphs of (A) A. africanus and (B) O. thyrsoides leaves (main images) and
flowers (Insets). (A1 and B1) Photographs show bundles of microfilaments
drawn from a cut leaf cross section. (C) SEM micrograph showing the cross
section of an A. africanus leaf with helical microfilaments forming a vascular
bundle of polygonal tubes. (D) SEM picture showing the polygons along a helix
collected from an A. africanus leaf. (E and F) SEM images and (G1) POM image
taken between cross polarizers with a lambda plate, (G2), cross polarizers, and
(G3) parallel polarizers of A. africanus stretched microfilaments with elbows
highlighted by a white circle. (H and I) SEM pictures of the A. africanus mi-
crofilaments after being treated with alkalis. Nanostructures parallel to the
main axis of the tracheary filament as well as disordered nanostructures
around the elbows are observed. (Scale bars: A1, 0.5 mm; B1, 0.25 mm; C, D, F,
and H, 2 μm; E, 5 μm; G1, G2, and G3, 10 μm; and I, 1 μm.)















microfilaments (Fig. 2 E2, F2, and G2). The ring is always per-
pendicular to the microfilaments, even when the droplet is not
positioned symmetrically, so that the microfilaments are not
piercing through the droplet center. Simulations suggest that the
position of the ring reflects the perpendicular anchoring strength
at the droplet–air interface; the ring is in the middle of the
droplet when the anchoring is strong, but for weaker anchoring,
it may be offset toward the droplet edge. This indicates that in
our experiments, the anchoring is indeed strong (18). Addition-
ally, the nematic droplets suspended on microfilaments collected
from O. thyrsoides show a texture similar to droplets pierced on
cellulose-based threads (18, 26), while images produced via dis-
persed nematic droplets on A. africanus microfilaments are
similar to the images obtained on Araneidae mangora microfil-
aments (18). The droplets are good sensors for the combined
effect of surface morphologies and interactions with the micro-
environment. The SEM imaging helped to only partially separate
the two effects. In addition, the IR spectra of both tracheary
microfilaments (SI Appendix, Fig. S2) are similar, indicating that
they have identical chemical composition and the difference in
anchoring is mostly structurally induced.
In the next experiments, mechanical removal (sonication) of
their outer surface was used, and further alkaline treatment, to
expose the internal cellulose structure of the filaments (SI Ap-
pendix). The smooth outer surface of O. thyrsoides microfila-
ments shown in Figs. 2A2 and 3A was mechanically removed,
revealing a rougher surface morphology as observed by SEM
(Fig. 3 B and C), which was also detected by the variation of the
texture of droplets pierced by the microfilaments (Fig. 3 A and C,
Insets). Further alkaline treatment allows the observation of the
axially aligned cellulose structures (length 1.1 ± 0.2 μm and di-
ameters of 110 ± 12 nm) with similar size, shapes, and orientation
as described for A. africanus (Fig. 1 H and I). As stated before for
A. africanus, the local misalignment of the nanostructures relative
to the main axis of the microfilaments can be attributed to the
stretching of the polygon helical shapes. The nanostructures respond
to the strain developed at the stretched vertices of the polygonal
helices (elbows) where the deformation from the equilibrium radius
of curvature is the greatest.
The orientation of the nanostructures on the surface of peeled
O. thyrsoides microfilaments can also be deduced by observing
the texture near the microfilament’s axis in the transmission
micrographs. After removing the external layers of the micro-
filament, dispersed droplets with homeotropic anchoring at the
droplet–air surface display a similar texture for both A. africanus
and O. thyrsoides (Fig. 3E). This texture is completely different
from the textures observed for the previous pierced nematic
droplets in “dressed” microfilaments. Experiments show a good
qualitative agreement with numerical modeling of droplets with
patchy surface orientation varying from patch to patch on sub-
micron scale, as can be observed in Fig. 3 E–G.
The pierced large droplets with homeotropic alignment at the
liquid crystal–air interface evolve from a ring defect for micro-
filaments collected from O. thyrsoides (Figs. 2C2 and 3 A, Inset)
and ellipsoidal fringes from A. africanus (Fig. 2C1) to a similar
rapidly varying texture observed near the microfilaments’ main
axis (Fig. 3E), which gives evidence of the variation of the
nanostructure particle orientation from axial to out of plane and
back, also seen by SEM. By depositing droplets of similar sizes at
different positions, relatively subtle variations in the microfila-
ment surface morphology are precisely sensed.
The microfilaments of the leaves of both plants have similar
cellulosic skeletons surrounded by layers with different morphol-
ogies, which were readily distinguished by the nematic droplets.
The cellulose skeleton is the main constituent of the microfila-
ments, and as in composite materials, it determines the mechan-
ical behavior of the helices in the tracheary elements. To establish















Fig. 2. Tracheary microfilament morphologies revealed by nematic liquid crystal droplets. (A1–G1) A. africanus and (A2–G2) O. thyrsoides microfilaments. A1
and A2 show SEM images of a detail of a stretched filament in which an elbow is seen. The roughness is highlighted by a white circle. The filament from A.
africanus (A1) presents a rough surface, and the filament from O. thyrsoides (A2) presents a smoother one. B1 and B2 show a necklace of nematic droplets
suspended along a microfilament, seen by POM under cross polarizers. C1, C2, D1, and D2 show a nematic droplet with homeotropic anchoring at the droplet–air
surface under crossed polarizers with a lambda plate and crossed polarizers pierced in A. africanus and O. thyrsoides tracheary microfilaments. E1, E2, F1, and F2
show numerically simulated transmission micrographs under crossed polarizers with an additional lambda plate and crossed polarizers for droplets pierced in
A. africanus (E1 and F1) and O. thyrsoides (E2 and F2) tracheary microfilaments. Simulated director profile in droplet suspended in an A. africanus (G1) and in an
O. thyrsoides (G2) tracheary filament. Ellipsoidal fringes, typical of homeotropic anchoring on the microfilament surface, can be observed in the nematic droplets
pierced in A. africanus tracheary microfilaments, while the defect ring around the microfilaments for droplets pierced in O. thyrsoides tracheary microfilaments
reveals that the microfilament enforces tangential anchoring along the microfilament’s axis. (Scale bars: A1 and A2, 2 μm; B1 and B2, 20 μm; and C1, C2, D1,
and D2, 10 μm.)
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macroscopic properties, the mechanical properties of single fila-
ments and bundles of tracheary microfilaments were investigated.
Mechanical Properties of the Microfilaments
The mechanical properties of fresh leaves stretched along the
microfilament’s helical axis direction characterized by uniaxial
stress–strain curves were measured, and a brittle behavior was
found. Tensile tests were performed for A. africanus and O.
thyrsoides leaves at room temperature (SI Appendix, Fig. S4 A
and B). In literature, similar tensile curves were reported for
other types of leaves (11, 27). After breaking of leaves, their
tracheary elements/xylem vessels are exposed, and their tightly
wound microfilament helices start to unwind. The extraction and
stretching of microfilament structures lead to the entanglement of
nearby helices arising from the same bundle of xylem vessels. In
between the two parts of the broken leaf the bundle of xylem
vessels is thus transformed in a bundle of entangled microfila-
ments that are more and more unwounded and stretched with
increasing strain. During the leaf stress–strain measurement, the
process leads to a nonzero plateau regime (SI Appendix, Fig. S4 A
and B), which has a greater magnitude for A. africanus than for
O. thyrsoides leaves.
The microfilaments were carefully isolated, and for assessing
the surface mechanical properties of a single microfilament,
AFM indentation was used as a less destructive method (28)
(experimental details shown in Materials and Methods). The elastic
modulus of the surface layer of single helical microfilament isolated
from A. africanus is slightly higher than for O. thyrsoides. On the
other side the A. africanus microfilaments appear to be stiffer (SI
Appendix, Table S1). The greatest difference was found in adhesion
values; A. africanus microfilaments presented a much higher
value than O. thyrsoides. The values obtained indicate that the
layers covering the cellulosic skeleton of the microfilaments
determine their interaction with the AFM tip. The smooth layer
surrounding the microfilaments of O. thyrsoides grants greater
flexibility and less resistance to indentation, while the outer rough
layer of the A. africanus microfilaments has a higher affinity to
cling to the tip of the AFM probe (Fig. 2 A1 and A2). Indentation
by AFM was also performed to access the mechanical properties
of different leaves, and also adhesion was found to vary enormously
depending on the material coating (29).
To go beyond probing of surface mechanical properties of
microfilaments, the microfilament bundles’ response to uniaxial
tensile stress was investigated. The stress/strain curves for uniaxial
tensile tests at a strain rate of 0.5 mm/min are shown in Fig. 4. The
curves represent typical results for an average of six bundles of A.
africanus and O. thyrsoides, with diameters ranging from 65 to
140 μm supported on a frame similar to that shown in SI Appendix,
Fig. S5. When the heterogeneous bundles, formed not only by the
microfilaments but also by other constituents, such as water and
nutrients (sap), are put under tensile load, the bundles break
separately. After the break of one bundle the stress suddenly
drops. The remaining bundles acquire the tension load, and the
stress starts to increase again until the breaking of another bundle,
as exemplified by arrows in Fig. 4A for A. africanus.
The uniaxial tensile curves obtained for bundles extracted
from A. africanus and O. thyrsoides are quite different. The
stress–strain curve for A. africanus bundles (Fig. 4 A and A1)
shows an initial elastic behavior, which allows the estimation of a
Young’s modulus of the order of EbA = 0.70 ± 0.05 MPa that is
not a well-defined quantity as packing of the microfilaments in
the bundle is not tight and also depends on tension. Knowing the
number of constituting microfilaments and their cross section we
recognize that the active cross section is of about 1,000 times
smaller. Therefore, the Young’s modulus of a single microfilament
is roughly estimated, being of the order of EfA = 750 ± 50 MPa.
We take into account that each bundle (with an initial diameter of
the order of 100 μm) is formed, on average by six microfilaments
(estimated by SEM photos) with average diameter of 2 μm. After
the steep stress/strain linear dependence, a slightly lower slope of







Fig. 4. Tensile properties of A. africanus and O. thyrsoides microfilaments.
(A and B) Typical stress–strain uniaxial curves of A. africanus and O. thyr-
soides bundles of microfilaments, respectively. (A1 and B1) Zooms of curves in
A and B, respectively, for small values of strain. The strain rate was 0.5 mm/min.
Bundles of A. africanus and O. thyrsoides microfilaments: (A2) A. africanus
and (B2) O. thyrsoides POM pictures between cross polarizers and a lambda
plate near the edge of the leaf when the microfilaments were pulled
out and (A3) A. africanus and (B3) O. thyrsoides SEM pictures of suspended,
stretched bundles. The black arrows in A indicate the maximum stress of two
consecutive breaking of bundles. The tensile texts strain rate in A, A1, B, and
B1 was 0.5 mm/min. (Scale bars: A2, B2, and B3, 50 μm, and A3, 100 μm.)
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Fig. 3. O. thyrsoidesmicrofilaments surface nanostructures. (A) SEM picture
of a tracheary microfilament collected from O. thyrsoides leaf with a smooth
outer surface. (B and C) SEM pictures showing microfilaments that were
submitted to chemical “peeling” treatment. The Inset in A represents the
same nematic droplet shown in Fig. 2C2, for comparison with the distinct
droplet texture in C, Inset, seen by POM under cross polarizers, which rep-
resents a nematic droplet pierced by a rough microfilament after initial
peeling. Notice the development of ellipsoidal fringes, characteristic of
homeotropic alignment near the microfilaments. (D) SEM picture of a mi-
crofilament after further treatment with alkalis. Nanostructures parallel to
the main axis of the microfilaments and nanostructures aligned perpendic-
ular to it can be observed. (E) POM picture of a nematic droplet pierced in a
chemically treated microfilament (D) seen between cross polarizers with a
lambda plate. (F) Numerically simulated transmission micrographs of
a droplet pierced by a microfilament with random submicron-scale varying
of surface anchoring as seen under crossed polarizers with an additional
lambda plate. (G) The simulated director profile and decreased nematic or-
der surrounding such a microfilament. (Scale bars: A, 5 μm; A and C, Insets,
10 μm; B–D, 2 μm; and E, 20 μm.)















around 0.53 MPa. The maximum jump of all measured steps is a
good estimation for the single bundle rupture strength. A small jump
means that the remaining nonbroken bundles are still under tension.
In this way the rupture strength of a single bundle would be of the
order of 0.2 MPa and consequently of ∼200 MPa for microfilaments.
In Fig. 4 A2 and A3 a bundle of stretched microfilaments is shown.
Contrasting with the shape of the stress/strain curves observed
for the A. africanus bundles is the shape of the curves obtained
for O. thyrsoides bundles (Fig. 4 B and B1). The O. thyrsoides
tensile tests show that initially small increases in stress give large
deformations (Fig. 4B1). However, at larger strains the material
becomes stiffer, and the curve is convex (superlinear). The di-
verse mechanical behavior observed for the extraction plateau
values (SI Appendix, Fig. S4A) for the stretched bundles of A.
africanus and O. thyrsoides is due to the rough and smooth mi-
crofilament nanostructures differences, which were evidenced by
AFM and LC droplets. Moreover, the significantly low values of
stress for low strains found for O. thyrsoides bundles are attributed
to the existence of a soft material that was mainly noticed in O.
thyrsoides bundles (Fig. 4 B2 and B3 and SI Appendix, Fig. S4). For
small deformations the O. thyrsoides bundles behave as a lightly
cross-linked rubber until the helical microfilaments get together to
form the bundles (Fig. 4 A2 and A3 and SI Appendix, Fig. S4A).
Treating the data according to the same procedure used for A.
africanus, the Young’s modulus of the bundles and microfilaments
for O. thyrsoides were estimated from the second part of the linear
curve indicated in Fig. 4B, EbO = 0.20 ± 0.02 MPa, and for micro-
filaments, EfO = 125 ± 10MPa. As observed for A. africanus bundles,
following these stress/strain linear dependences, others were ob-
served with a decreasing slope. The maximum stress rupture was
calculated and is of the order of 0.15 MPa. Once again, the rup-
ture strength of a single bundle is estimated to be of the order of
0.05 MPa and consequently of ∼30 MPa for microfilaments.
The values of the Young’s modulus measured for O. thyrsoides
bundles are much smaller than the values found for A. africanus
bundles, which can be partially attributed to the much larger
adhesion values found for A. africanus microfilaments, by AFM.
The skeletons of the microfilaments, for A. africanus and O.
thyrsoides, are very similar, as observed by SEM in Figs. 1H and
3D, respectively. The differences between the strength of the
bundles, from A. africanus and O. thyrsoides, are mainly due to
the surface morphology of the individual microfilaments of each
plant. The microfilaments from O. thyrsoides are smoother and
thus allow their sliding resulting in a lower Young’s modulus of
the bundles, compared with the mechanical properties of the
bundles collected from A. africanus microfilaments, which have
a rough surface.
The values for the Young’s modulus of the microfilaments
measured by indentation are much smaller (about 1,000 times)
compared with the tensile measurements. The same trend was
reported in literature for other soft biological systems (30). The
difference in the values of the Young’s modulus between the two
experimental techniques confirms the nonhomogeneity of the
microfilaments. While the stress strain experiments take into
account the mechanical properties of the cellulose skeleton and
the interaction of the filaments, the AFM results concern the
mechanical characteristics of the outer surface of the microfila-
ments. In fact, the outer surface of the microfilaments, which is
soft and sticky, is found crucial for the interactions of the mi-
crofilaments bundles and is precisely sensed by the LC droplets
and confirmed by the stress–strain experiments.
Summary
It is known that the surface morphology plays a crucial role on
microfilament properties meaning diverse mechanical properties
on natural and bioinspired man-made textiles. A simple method
of observing nematic liquid crystal droplets threaded by micro-
filaments, already used for determining their different surface
morphologies, was also used in this work for microtracheary el-
ements. The helical threads, with identical diameter, chemical
constitution, and internal cellulose skeleton, were collected from
two different plants, A. africanus and O. thyrsoides. SEM images
and textures observed for pierced nematic droplets were evi-
dence that the A. africanus microfilaments presented a rough
outer surface, while the outer surface of the O. thyrsoides mi-
crofilaments were smooth. Peeling the microfilaments and
changing their outer surface morphologies allowed testing the
sensitivity of the nematic droplets to their surface morphologies.
A similar skeleton formed mainly by cellulose nanostructures was
found for both microfilaments. From simple polarization micro-
graphs, supported with numerical modeling imaging, we could
associate specific textures of the liquid crystal droplets with different
surface morphologies of the microfilaments. The mechanical stress–
strain behavior of the leaves and microfilaments was evaluated.
While the leaves from A. africanus and O. thyrsoides presented a
brittle similar behavior, their bundle and microfilament mechanical
behavior was quite different. The presence of different morphologies
on the outer surfaces of the microfilaments was found re-
sponsible for the mechanical responses observed. The huge dif-
ference found in the A. africanus andO. thyrsoides bundle mechanical
properties are qualitatively understood. The microfilaments sliding,
one against the other, which occurs in case of smooth interfaces,
for O. thyrsoides microfilaments, allows their break one after the
other, yielding much lower strength. Particularly relevant is that the
skeletons of the microfilaments, in both cases, look practically
identical. These reasonable explanations need to be tested in
future studies.
The existence of tracheary polygon helices was also made in
evidence by POM and SEM images obtained from stretched
microfilaments. When a helically winded cellulosic fiber forms a
tube (xylem vessels), it would be mechanically the strongest if it
would have a circular cross section without sharp bends. Such a
tube with a circular cross section would also have the best surface
to volume ratio optimal for fluidic transport properties. Never-
theless, packing together several tubes in a solid structure
(bundle) providing stability of leaves requires complete filing of
the space without a soft material in between. That requires po-
lygonal cross section of tubes, and hexagonal cross section is the
closest to the circular one optimal for a single tube.
The main physiological role of the xylem microhelical micro-
filaments is that they constitute the vessels needed to transport
water and mineral nutrients from the roots to the leaves. In this
work we gave some insights about the microfilaments’ surface
morphologies and their interactions with the environment that
open new routes to correlate their structural properties with
their mechanical response but not enough to be conclusive about
transport properties. The efficiency of the upward transport of
the xylem sap should not only be dependent on the internal
surface to volume ratio of the vessels but is also affected by the
interactions with the surface of the microfilaments. The extent of
this influence in different plant species would require a separate
dedicated study.
Materials and Methods
Filaments collected from A. africanus and O. thyrsoides leaves by simple
breaking of the leaves (cross section of the leaves with vessels and filaments
for A. africanus; Fig. 1 C and D and SI Appendix, Fig. S1 A– C), similar to the
method described in ref. 6, were suspended in 1-cm2 frames and treated
with NaOH 5% wt/wt solution for 1 h to access the nanostructures cellulose
skeletons as shown in Fig. 1 H and I and SI Appendix, Fig. S1 D–F (skeleton
from A. africanus filaments) and Fig. 3D (skeleton from O. thyrsoides mi-
crofilaments). The initial O. thyrsoides microfilaments, suspended in 1-cm2
frames, were also gently treated with water and sonicated during 1 h to
remove the smooth outer surface (Fig. 3 B and C). The leaves from A. afri-
canus and O. thyrsoides were collected from the garden near Faculty of
Science and Technology and gardens in Caparica region, Portugal. All of the
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microfilaments used in this work were extracted from the leaves on the
same day that the leaf was collected from the plant.
The photos of Fig. 1 A and B and respective insets were taken under solar
light with a Canon EOS 450D camera equipped with a 60-mm microlens. The
morphology of the microfilaments was observed with a scanning electron
microscope CrossBeam Workstation (SEM-FIB)–Zeiss Auriga. The SEM images
under the in-lens mode have been carried out with an acceleration voltage of
2 kV and aperture size of 30 μm. A thin carbon layer (<20 nm) was deposited
on the suspended microfilaments using a Q150T ES Quorum sputter coater.
The nematic liquid crystal 4′-n-pentyl-4-cyanobiphenyl (5CB) was used to
produce the microdroplet necklaces. The pierced droplets were observed in
transmission mode under a polarized optical microscope (POM) Olympus
BX51 coupled to Olympus DP73 CCD camera and acquired with the Stream
Basic v.1.9 Olympus software. A cold illumination source generated by a
halogen lamp (KL 2500 LCD; Olympus) was used. The images were obtained
with ×10, ×20, or ×50 objectives (MPlanFL N; Olympus) and automatically
scaled by the software. The liquid crystal (LC) necklaces were prepared
according to similar protocols reported in ref. 18. A tip of a metallic copper
wire, with a 0.1-mm diameter, was used to generate the LC droplets and to
deposit them on the suspended microfilaments. The diameter of the drop-
lets was in the range of 5–50 μm.
The mechanical properties of the leaves were examined using uniaxial
tensile testing. These tests were carried out using amachine from Rheometric
Scientific (Minimat Firmware 3.1) with a 20 N load cell. Tensile tests were
performed for A. africanus and O. thyrsoides leaves at room temperature
using a speed of 5 mm/min. For each measurement, five samples collected by
cutting the leaves parallel to the trachearies were stretched along the same
direction. The samples of A. africanus and O. thyrsoides used to obtain the
nominal stress–strain curves, SI Appendix, Fig. S4 A and B, respectively, had
initial lengths of 5.5 and 3.2 mm and cross sections of ∼12.5 × 0.55 mm2 and
9.5 × 0.70 mm2, respectively.
AFM measurements probing surface mechanical properties of isolated
helical microfilaments from bundles of each plant were done with an Asylum
Research MFP-3D Standalone using commercial silicon probes (Olympus
AC240TS; f0 = 70 kHz; k = 1.7 N/m) calibrated with the Sader method (31).
The isolated microfilaments isolated from each plant were glued onto glass
microscopic slide bars using two-sided glue tape.
The acquired AFM curves were analyzed with the Asylum Research tool
packages installed in the Igor Pro-6.34 analysis software (Wavemetrics),
through which the elastic modulus (ratio between stress and strain) of the
surface layer microfilaments and the probe–sample adhesion were de-
termined. A standard force curve was recorded with the AFM indentation
measurements, and then the corresponding load versus indentation curve
was calculated. To take into account surface–sample heterogeneity, mea-
surements were taken in at least two different regions where 25 force curves
were recorded over a regular grid over 5 × 5 μm. Each force curve was taken
at a constant vertical displacement speed of 2 μm/s. The maximum applied
load was kept constant throughout all measurements, and mechanical prop-
erties were extracted from the last 100 nm of indentation through a software
trigger that made sure the curve was in the linear force vs. indentation region.
It should be noted that the indentation measurements were not per-
formed in quasi-static conditions, and therefore, the viscous response (loss
modulus) might play a significant role; moreover, the calculated absolute
values of elasticity are prone to several uncertainties and nonidealities (e.g.,
in the tip geometry or the surface characteristics of the microfilaments).
Nevertheless, all AFM measurements reported in this paper were taken with
the same cantilever and the same experimental conditions.
Numerical modeling details and any associated references are available in
SI Appendix.
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Characterization of the plants microfilaments  
The Infrared (IR) spectra, of the microfilaments as collected from A. africanus and O. thyrsoides 
leaves were acquired, Fig. S2 A, and after alkali treatment for A. africanus microfilaments,  
Fig. S2 B. The analysis was performed using an Attenuated Total Reflectance (ATR) sampling 
accessory (Smart iTR) equipped with a single bounce diamond crystal on a Thermo Nicolet 6700 
Spectrometer. The spectra acquisition was made with a 45° incident angle in the range of 4000 – 
525 cm−1 and a 4 cm−1 resolution. The microfilaments were suspended in a frame of 1 cm2. 
The spectra from A. africanus and O. thyrsoides microfilaments given in Fig. S2 A present peaks 
at 1735 cm-1 and 1247 cm-1 characteristic of a carbonyl band and symmetric bridge stretching of 
uronic ester groups, respectively, which are an indication of the presence of hemicellulose.  
The peaks characteristic of the absorption band of the aromatic rings from lignin appears around  
1510 cm-1 and 1595 cm-1. A small band about 1460 cm-1 can also be observed for both samples 
and attributed to –CH3 deformation in lignin and hemicellulose. The weak peak observed at  
925 cm-1 for A. africanus microfilaments could be associated to the adhesion properties detected 
for A. africanus and not for O. thyrsoides microfilaments.  
In Fig. S2 B the decrease of the bands corresponding to lignin and hemicellulose confirms that the 
chemical treatment promoted the delignification and the hemicellulose extraction of the  
A. africanus microfilaments (1, 2). 
Structural characterization of the isolated microfilaments from A. africanus leaves, before and after 
alkali treatment (NaOH 5% wt/wt for 1h and 3h) (Fig. S3), was performed with a X’Pert PRO 
(PANAlytical) X-ray diffractometer (XRD). The measurements were done using Cu Kα radiation 
in the range 2θ = 5–50°. The microfilaments were suspended in a square frame of 1 cm2.  
The new peak that appears at ~23º associated to the peak existing at 26º reveals an increase of the 
crystallinity, which is consistent with the removal of the amorphous part and the presence of the 
cellulose skeleton formed by nanostructures (3). 
 
Mechanical characterization 
To examine the mechanical behaviour of the bundles, obtained by breaking the leaves between 
two clamps, they were collected in a plastic frame and precisely cut with a cutting machine, in 
order to fix the initial length lo=6.5 mm. A homemade tensile apparatus, equipped with a load cell 
with a precision of 1 cN, was used to obtain tensile load/deformation curves at 0.5 mm/min strain 
rates. The same experimental procedure was used for the bundles from both plants. The developed 
force by the imposed deformation was measured for 5 to 6 bundles mounted together in the frame, 
which were then stretched until rupture. At least five leaves of A. africanus and O. thyrsoides were 
used for each tensile essay. The number of bundles, number of microfilaments in each bundle and 
the cross section of the bundles and of the microfilaments were determined with Image J, version 
1.45s, http://imagej.nih.gov/ij/ taking into account the POM and SEM images. 
The stress was calculated considering that each bundle has in average 6 microfilaments for  
O. thyrsoides and 6 microfilaments for A. africanus, with bundles cross section areas of 133 µm2 
for A. africanus and 69 µm2 for O. thyrsoides (at least 10 measurements were made for each bundle 
and each plant). The average cross section area of the microfilaments was determined for both 
plants by SEM being the value of 2 µm2 used for calculations.  
Photos and movies of the tensile tests were obtained with a Canon EOS 450D camera equipped 







The simulation of the nematic liquid crystal ordering in droplets relies on continuum modelling 
using tensorial Landau–de Gennes (LdG) free energy minimization approach (4, 5), combining 
bulk free energy and surface free energy, which accounts for the anchoring on the droplet surface 
and on the droplet–microfilament interface. The same values of liquid crystal material constants 
as in reference (6) were used. The free energy was minimized numerically by using an explicit 
Euler relaxation finite difference scheme. The anchoring strength and type on the microfilament 
and on the droplet’s surface was varied. We used homeotropic, planar and random anchoring at 
the microfilament surface, and homeotropic on the droplet-air interface. Perlin noise was used to 
produce randomized, but locally spatially correlated preferred surface orientation. For simulation 
of the transmission image, transmission polarization micrographs are calculated from the 
simulated director fields by the improved Jones’ method using non-parallel rays (7). Appropriate 
viewing directions and the angles of polarizer and analyser were selected to match the experiments 
and the droplets were scaled to match the experimental sizes. Light beam was focused on the 
centres of the droplets. The values of LC refractive indices used in simulations were set to  
no = 1.54 and ne  = 1.75. The birefringence of the microfilament was set to no = 1.540, ne = 1.595 
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Fig. S1. SEM micrographs of filaments collected from A. africanus leaves (A) bundle of filaments and (B and C)  
cross-section of the leave with filaments and vessels polygonal shapes (in average each polygonal helical 
microfilament has 5 neighbour helices) (D to F) A. africanus filaments after being treated with alkalis. Nanostructures 
parallel to the main axis of the tracheary microfilament as well as nanostructures aligned perpendicular to the main 












Fig. S2. IR spectra of the microfilaments collected from (A) A. africanus and O. thyrsoides leaves. (B) Spectra from 












Fig. S3. Xray diffractograms acquired after and before alkalis treatment of the microfilaments isolated from  
A. africanus leaves. The peaks indicate that the alkalis treatment allows the isolation of the cellulose skeleton nanorods 











Fig. S4. A. africanus and O. thyrsoides leaves tensile essays. (A and B) Typical stress-strain uniaxial curves of  
A. africanus and O. thyrsoides leaves, respectively. Measurements made parallel to the direction of the treachery 
orientation at a strain rate of 5 mm/min. The leaves are brittle with a Young´s modulus of 8.1±0.1 MPa and a strain at 
break of 0.218±0.001, for A. africanus leaves and 0.41±0.01 MPa and a strain at break of 0.49±0.01, for O. thyrsoides 
leaves. The non-zero plateau observed for higher strains, after breaking the leaves, is due to the extraction of the 
treachery microfilaments and formation of bundles. The inset in A shows the two portions of a leaf between clamps 













Fig. S5. Detail showing the bundles fixed between two clamps before the mechanical tensile tests. lo=6.5 mm was 











Table S1 AFM nano indention values of the elastic modulus and adhesion for isolated microfilaments extracted from 
A. africanus (A) and O. thyrsoides (O) leaves. 
 
 Elastic modulus (MPa) Adhesion (µN) A O A O 
Average 0.74 0.50 0.27 0.02 
Std. deviation 0.09 0.16 0.05 0.02 
3rd Quartile 0.80 0.60 0.30 0.03 
Median 0.76 0.50 0.20 0.02 
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Reversible water driven chirality inversion
in cellulose-based helices isolated from
Erodium awns†
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Maria Helena Godinho *a and Claudio Zannoni *b
Among the movements observed in some cellulosic structures produced by plants are those that involve
the dispersion and burial of seeds, as for example in Erodium from the Geraniaceae plant family. Here
we report on a simple and efficient strategy to isolate and tune cellulose-based hygroscopic responsive
materials from Erodium awns’ dead tissues. The stimuli-responsive material isolated forms left-handed
(L) or right-handed (R) helical birefringent transparent ribbons in the wet state that reversibly change to
R helices when the material dries. The humidity-driven motion of dead tissues is most likely due to a
composite material made of cellulose networks of fibrils imprinted by the plant at the nanoscale, which
reinforces a soft wall polysaccharide matrix. The inversion of the handedness is explained using
computational simulations considering filaments that contract and expand asymmetrically. The awns
of Erodium are known to present hygroscopic movements, forming R helices in the dry state, but
the possibility of actuating chirality via humidity suggests that these cellulose-based skeletons, which do
not require complicated lithography and intricate deposition techniques, provide a diverse range of
applications from intelligent textiles to micro-machines.
1 Introduction
Plants’ structural colors and movements are ensured by cellulose
hierarchical structures.1–4 The arrangements of cellulose at the
micro- and nanoscales are at the origin of the plants’ response
to moisture. The encoded cellulose structures remain active
even in dead tissues, providing a source of inspiration and
a possible route for producing new stimuli-responsive
materials.5–8 A striking example is provided by some cellulose
structures involved in the dispersion of seeds, in particular
those produced by Erodium from the Geraniaceae plant family.9
The fruit of Erodium has five seeds and each one is appended
to an awn. When the fruit dries, the awns contract and are
spread in the air.10 While the awn is straight when wet, it forms
a right-handed helix (R) in the dry state.10,11 Switching from
one state to the other allows the seeds to enter the soil like
corkscrews. The different models described in the literature to
understand the behavior of the awns take into consideration
the existence of aligned cellulose fibrils at different angles
surrounded by other constituents with distinct water binding
and swelling.12,13 The cell wall polysaccharides matrix, which
swells in water, was assigned for the straight configuration of
the awn, a helical arrangement of cellulose fibers, at the micro
scale, was found responsible for the right-handed configuration
upon drying.10,12,14,15
The movements of the awns are well described in the
literature for Erodium plants.16 The outer R helix surface of
the awn exhibits long hairs (marked with a black arrow in
Fig. 1), contrasting with the surface inside the helical awn.
The intrinsic curvature varies along the awn; while the tail does
not coil, the intermediary region, between the seed and the tail,
behaves as the active portion of the awn, Fig. 1 and Fig. S1 (ESI†).
More recently, the coiling of the awns was analyzed consi-
dering not only the structure of the fibers but also their
interactions.13 To isolate and study the morphology of the
cellulose skeletons existing in plants, alkali solutions associated
with other chemicals are normally used to dissolve mainly lignin
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and some hemicellulose compounds, while preserving the
cellulosic structures.17–20 At the micro- and nanoscales, hemi-
cellulose acts as a protection against solvent penetration in the
cellulose scaffolds. The alkali treatment strongly influences
the accessibility of solvents to the cellulose chains and hence
the swelling of the cellulosic structures.21 If an alkali solution
is used to swell the seeds, in the wet state the awns form a
left-handed (L) helix, returning to an R structure when dry,
as shown in Fig. 3(A) and (B). The L (wet) structure, contrary to
the R (dry) helix of the awn, shows long hairs at the inner
surface of the helix, also recently reported in the literature, for
awns collected from Erodium gruinum.22
In the literature two main layers were identified in the awn
cross section: an inner layer that is near the inside surface of
the R helix and an outer layer facing the R helix’s outside
surface. The inner layer is formed by several fiber cells, mainly
constituted by cellulosic materials, packed together parallel to
each other and aligned along the main axis of the awn.13 These
microstructures were found, in some work, to be responsible
for the intrinsic curvature and torsion of the awns.12,22
Even if the chirality of the awn is qualitatively apparent,
it is useful to have a quantitative indicator measuring its extent,
e.g. to determine its onset in time and its location. A number
of different metrics have been proposed in the literature to
quantify the chirality of molecules or more generally of objects
of certain shapes.23–26 In this work we introduce an absolute
(rather than relative to a reference) pseudoscalar chirality
indicator, Ga, derived from the object geometrical shape24,27
and that we have previously applied to small molecules,28 to
establish the appearance of specific motifs in proteins27 and to
quantify the extraordinary chirality induced by certain ligands
bound to gold nanoparticles.29 In practice, we label a set of
positions along the filament considering four connected sites i,
j, k and l at positions ri, rj, rk and rl within a subset of Na along
the awn and calculate the pseudoscalar quantity:
where rij, rjk, rkl and ril are separation vectors between the
positions and the sum runs over all the P permutations of the
indices i, j, k, and l. The value of Na is chosen to be 15, as in
ref. 27, and a cut-off distance (rc) is set to 12 length units. The
value of Ga is zero for a straight filament and changes sign as
the winding changes from L to R or vice versa. We have applied
this chirality indicator in two ways. First, we have calculated
Ga for a filament at a certain time for assigning it an overall
chirality index (Fig. S2, ESI†). Applying this repeatedly for
successive snapshots gives an idea of the overall chirality
evolution in time. From this we can see that a swift change of
sign in chirality occurs at a certain time, corresponding to that
of the more qualitative visual inspection. We also notice that
our quantitative chirality indicator reports similar absolute
values before and after the switch. In the second application
we have employed the same expression for Ga for the time
evolution of chirality at a given location, considering the four
positions as subsequent in time, rather than in space: ri = ri(t), rj
= ri(t + Dt), rk = ri(t + 2Dt) and rl = ri(t + 3Dt). We have used this
local time evolution approach to describe that the chirality
remains stable during hydration and drying of the awns
(Fig. S1, ESI†).
The use of chemicals to treat the dead tissues of the Erodium
awns allows macroscopically the reversal of their chirality as
shown for the wet treated awn in Fig. 1.
The aim of this work is to shed some light on the process
leading to the change from R to L coiling of the Erodium,
by isolating the active part of the awn, using it as a template
and investigating the system with various techniques, including
magnetic resonance imaging and simulations. The extent of
coiling of the awn as a function of time was assessed quantita-
tively with a suitable tensorial indicator and R to and from L
coiling was confirmed. Computer simulations were used to
reproduce the behavior of the ribbons in the wet and dry states.
The possibility of changing on demand the right and left handed-
ness of moisture responsive cellulose-based helices opens the way
to the development and fabrication of novel materials. The tuning
of their motility allows meeting the requirements for potential use
that ranges from intelligent materials to bioinspired micro-robots.
2 Experimental details
Erodium awns were collected from the gardens in the Caparica
region near the Faculty of Science and Technology, NOVA
University of Lisbon, Portugal. A Canon EOS 450D camera
equipped with a 60 mm micro-lens was used to take color
pictures under solar and artificial lights. The images of the
abrupt dispersal of seeds from the fruits were acquired using
an Olympus i-Speed LT high-speed video camera, operated at
500 frames per s. Sodium hydroxide (NaOH) solutions were
used to soak the awns and to treat them chemically in time.
Then the awns were further modified in order to isolate the
active part according to similar procedures described in the
literature30 and used in paper pulping and to remove lignin
from wood. In our work the chemicals used to isolate the active
materials and to remove lignin were NaOH (498%, Sigma-
Aldrich), sodium sulphite (Na2SO3, 498%, Sigma-Aldrich), and
hydrogen peroxide (H2O2, 30% solution, EMD Millipore
Corporation). The awns were stirred in a solution of distilled
water with NaOH (2.5 mol L1) and Na2SO3 (2.5 mol L
1), at
60 1C, for 3 h, to dissolve part of the lignin content. The
remaining lignin was removed by using a H2O2 solution
(0.4 mol L1) until the initial brown awns became colorless. Then















if rij ; rjk; rkl ; ril o rc and
























































2840 | Soft Matter, 2019, 15, 2838--2847 This journal is©The Royal Society of Chemistry 2019
remove the excess of chemicals. Finally, white left-handed helical
ribbons were collected, washed with cold water and stored in
ethanol (99%, BDH Chemicals) at room temperature. Commercial
food dyes were used to color the responsive ribbons. To prepare the
mesoporous silica, dry ribbons were used. The ribbons were
immersed for 6 h in tetramethyl orthosilicate (TMOS, Si(OMe)4,
98%, Sigma-Aldrich) water solution (2 : 1), at 60 1C, under
continuous stirring. After the ribbons were removed from the
mixture and kept at room temperature to slowly dry, calcination
was performed by heating the dried ribbons at a rate of
100 1C h1 to 250 1C for 2 h and then by increasing the
temperature to 560 1C at 100 1C h1 for 6 h followed by cooling
at room temperature.
The magnetic resonance imaging data were acquired using a
vertical wide bore 7.05T Bruker 300 AVANCE III solid-state NMR
spectrometer. The imaging probe contains 60 A gradient coils
that are able to develop a gradient strength of 1500 mT m1.
The images were obtained in a MRI Micro 2.5 Bruker probe with a
5 mm diameter birdcage coil where the complete immature fruit
was introduced.
The gradient echo method used for obtaining axial 2D
images was a multi-slice-multi-spin-echo (MSME) sequence
(slices: 40, echoes: 2, averages: 16, TE = 12.7 ms, TR = 2620 ms,
matrix: 256  256, pixel size: 29  29 mm2, slice thickness:
0.75 mm). Each measurement took about 3 h. For the 3D
reconstruction, the gradient echo method used for obtaining
sagittal images was the mic spinecho 3D Bruker sequence
(slice: 1, echo: 1, averages: 2, TE = 20.0 ms, TR = 400 ms, matrix:
256  256, pixel size: 79  79 mm2). Each 3D measurement took
about 15 h. After acquisition, a 3D movie (Movies S1 and S2,
ESI†) was generated using Bruker Paravision’s maximum
intensity projection (MIP).
The morphologies of the Erodium awns (isolated ribbons
and mesoporous silica materials) were observed with a scanning
electron microscope CrossBeam Workstation (SEM-FIB) – Zeiss
Auriga. The samples were dried, broken by hand, and mounted on
metal holders and a thin carbon layer (o20 nm) was deposited by
using a Q150T ES Quorum sputter coater. The SEM images under
the in-lens mode were obtained with an acceleration voltage of
2 kV and an aperture size of 30 mm.
The infrared (IR) spectra of the Erodium awns before and
after the chemical treatment were acquired. An Attenuated
Total Reflectance (ATR) sampling accessory (Smart iTR) equipped
with a single bounce diamond crystal on a Thermo Nicolet
6700 Spectrometer was used. The acquisition of spectra was
carried out with a 451 incidence angle in the range of
[4000–525] cm1 and a 4 cm1 resolution.
The structural characterization of the Erodium awns and
treated ribbons was performed with a X’Pert PRO (PANalytical)
X-ray diffractometer (XRD). The measurements were performed
using Cu Ka radiation in the range 2y = 51–501.
The birefringent wet ribbons were observed under a polarized
optical microscope (POM) Olympus BX51, in transmission mode,
coupled to a CCD DP73. A heating stage (Mettler FP90), coupled to
the microscope, was used to control the temperature.
2.1 Numerical modeling of the ribbons
The winding behavior of Erodium seeds was modeled using the
molecular dynamics simulator LAMMPS (Large-scale Atomic/
Molecular Massively Parallel Simulator).31,32 The active part of
Erodium was modeled as a set of beads arranged in a simple
cubic lattice with the initial length L = 200s, width w = 4s and
h = 3s (Lennard-Jones units),33 as shown in Fig. S3 (ESI†). Beads
were bonded by harmonic potentials to their first and second
neighbors, Va,b = kh/2(l  l0,n), where kh is the elastic constant,
l is the distance between beads a and b and l0,n is the





s for second neighbors). An asymmetric displacement
was produced by linearly changing the equilibrium bond











(positive for expansion and negative for contraction). Also,
bonds were only modified in one side of the filament and in
a specific direction, as depicted in Fig. S3 (ESI†), where bonds
modified over time are depicted with red color. Simulations
were deterministic and integration of the equations of motion
used a NVE integrator (Verlet/Leap-frog method) to update the
beads’ positions and velocities in each time step (step size of
1  103t).
In order to estimate the chirality index versus time on the
straight part of the Erodium awns, a colored point was marked.
For each assay, two movies were recorded simultaneously from
Fig. 1 Chirality inversion in cellulose-based Erodium awns. (A) and (B) Top
views of right- and left-handed awns, dry and wet (swollen in an alkali
solution) states, respectively. (C) and (D) Side views of dry and wet (swollen
in an alkali solution) awns, respectively. In (A) and (B) the arrows indicate
the sense of rotation. Hairs are outside (C) and inside (D) of the helical
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orthogonal directions, so that the 3D movement could be
evaluated. A simple Python computer program was written,
where the movies were opened and converted into frames, and
then the 2D coordinates of the marked point and the tip of the
awn were recorded. By running the Python program for both
orthogonal movies the 3D coordinates of the two points versus
time could be extracted. Using the 3D coordinates of the two
points (the red marked point and the tip of the awn) a unitary
vector described by the application point, and its orientation,
was defined. These vectors were then used in the chirality index
calculations.
3 Results and discussion
We started by examining a complete fruit of the Erodium
(Fig. 2(A)). Magnetic Resonance Imaging (MRI) was used to
take images of sections along the fruit, as shown in Fig. 2(B)
and (C) and Movies S1 and S2 (ESI†). In the images the black
color indicates that tissues with less water are present in the
sample. It is worth noting the existence of a central black spot,
seen in the cross section of the MRI slices (Fig. 2(B)), which
goes from the bottom to the top of the fruit, indicating that the
awns, to which the seeds are attached, are supported by a
common non-hydrated stem. Contrasting with the central
column are the hydrated seeds and the long awns. The awns
appear to be hydrated, not symmetric, resembling small beans
in the cross section of the MRI images. The long awns are
wrapped around the central column by turning slightly to the
left and then to the right, going from the seed to the top of the awn,
which was confirmed by the MRI 3D reconstruction of the fruit
(Fig. 2(B) and (C) and Movies S1 and S2, ESI†). The awns tend to
contract upon losing water, while the central part remains taut. The
accumulated tension promotes the projection of the dispersal
units, as shown in Fig. 2(D) and Movie S3 (ESI†), leaving a dry
rigid central column, Fig. 2(E). As described before,22 the shape of
dry awns is more complex than a regular helix. Two main parts can
be readily identified: the central twisted and coiled region, adjacent
to the seed, and the tail with lower coiling. Scanning Electron
Microscopy (SEM) images reveal that the tail-cross section is
uniform, while the coiled region exhibits a very heterogeneous
cross section with different regions (Fig. S1(A), ESI†).
Fig. 2 Internal structure of the fruit of Erodium seen by MRI. (A) Complete immature fruits with seeds and awns. The rectangular white shape indicates
the part from which the MRI slices, shown in (B), were taken. (B) Sequence of MRI 2D images obtained for axial slices. In the cross section five hydrated
ribbon like awns slightly twisted around a dried central column can be observed (Movie S1, ESI†). (C) MRI image of one of the sagittal slices from which the
MRI 3D reconstruction of the fruit was performed (Movie S2, ESI†). (D) Images showing the initial separation of the seed attached to the awn and the seed
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3.1 Chirality inversion
The treatment of the awns with NaOH promotes the existence
of an L helix in the wet state, Fig. 3(A), which is converted to an
R helix when the awn dries returning the long hairs to the outer
surface of the helix, as shown in Fig. 3(B). In Fig. 3(C)–(E)
results of the chirality analyses are reported. Two sets of data
have been analyzed, with the local time evolution approach:
one single point position, marked in the upper part of the
filament (displayed as a red dot in Fig. 3(A)), called the
application point, and its orientation, defined as the unitary
vector, obtained as previously explained. The chirality index has
been determined for both these items during the length of the
experiment. In the case of the application point (Fig. 3(C)), the
value of Ga at the beginning shows small fluctuations, while,
once the chirality change takes place, its behavior becomes
unstable. The onset of this chirality inversion is even clearer if
the index is computed on the unitary vector (Fig. 3(D)), result-
ing in a fluctuation located at that exact time, which disappears
once the new chirality is completely established. Finally, using
the Open Visualization Tool – OVITO,34 a movie representing
the change in the Ga value has been created using an ellipsoid
to represent the position (application point) and orientation
(unitary vector) of the marked point. These ellipsoids have been
colored according to their chirality values: in Fig. 3(E) we report
a snapshot of the unitary vector Ga value, locating the inversion
point in time and space. These results describe the chirality
inversion observed experimentally (see Movie S4, ESI†). Fig. 4
shows the time evolution of the pitch of the left-handed helices
of the awns after being immersed in water with different
amounts of NaOH.
3.2 Isolation of hygroscopic responsive ribbons
In order to understand the chirality inversion observed, active
ribbons were isolated from the awns. To extract the materials
involved in the hygroscopic movements, the awns were chemi-
cally treated, as shown in Fig. 5(A)–(C), and their morphology
analyzed, as described in the Experimental section. The
initial brown awns become light yellowish, indicating that
lignin was somewhat removed, Fig. 5(B). After further treat-
ment with NaOH, Na2SO3 and H2O2 dry white R helical
ribbons were isolated, Fig. 5(C). In the wet state, the treated
awns present L helices, Fig. 5(F) and (G), which contrast with
the taut shape of a pristine Erodium awn, Fig. 5(E). The
robustness of the extracted ribbons was tested by their use
Fig. 3 Reversible chirality inversion in water after sodium hydroxide treatment of Erodium awns: right-handed (dry) and left-handed (wet) helical shapes.
(A) The awn is dipped in a container with water; it uncoils from an R to an L helix (from I to III, the snapshots correspond to 7 s, 260 s, and 601 s,
respectively). (B) The awn is dried in a controlled atmosphere at a high temperature (T = 60 1C). The awn uncoils from the L to the R helix while drying,
from I to III, respectively. Chirality index versus time trends have been computed both on the application point (C) and on the unitary vector (D).
In (E) a snapshot of the movie built from a position, described by the application point, and its orientation, as in the unitary vector, color-coded using
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as an R helix template to fabricate mesoporous silica solid
materials. After the sol–gel process and calcination, R helices
are both observed for dry and wet states, Fig. 5(D) and (H),
respectively.
Ribbons shown in Fig. 5(C) were further analyzed with X-ray
diffraction and infrared spectroscopy techniques. The X-ray
diffractograms’ (Fig. 6(A)) main qualitative features indicate
the presence of peaks characteristic of native cellulose12,13 at
2y = 14.71, 16.81 and 22.71 in the treated ribbons and in the
pristine Erodium awns. These results confirm that the cellulose-
based skeleton was still present after treating the awns with
NaOH/Na2SO3 followed by immersion in H2O2.
8,20
The peaks of the IR spectra (Fig. 6(B)) can be assigned as
follows: the peak around 1740 cm1 is characteristic of the
CQO stretching of the acetyl and uronic ester groups of
the hemicellulose or the linkage of the carboxylic groups of
ferulic and p-coumaric acids of lignin and/or xylan in
hemicellulose.20,34 This peak was only observed in the pristine
Erodium awns’ spectra, indicating that the chemical treatment
removes to some extent hemicellulose from the awn. Cellulose
characteristic peaks around 3400 cm1, 2900 cm1 and 1060 cm1
due to O–H, C–H and C–O stretching vibrations are present in
all samples. The intensities of these peaks increase with
chemical treatment time.35–37 For the treated ribbons a peak
around 1640 cm1 can be observed, which is characteristic of
the O–H bending vibration of absorbed water in cellulose.35,36
This peak can also be attributed to the presence of cellulose
and hemicellulose because it was not found in lignin spectra
according to ref. 36. Aromatic skeletal vibrations of lignin and
lignocellulosic functional groups correspond to the peak
observed around 1520 cm1. Lignin characteristic peaks at
around 1500 cm1, 1300 cm1 and 1220 cm1 that correspond
to the aromatic skeleton vibration of the C–O stretching of the
Fig. 4 Tuning the pitch of Erodium swollen left-handed (L) helices. The
number of loops of the helical wet awns increases with the sodium
hydroxide (NaOH) concentration in the solution and time.
Fig. 5 Right- and left-handed responsive helices isolated from Erodium awns. Dry state: right-handed initial Erodium awns (A), after immersion in an
alkaline solution (B), and further chemical treatment with NaOH and Na2SO3 (C), and right-handed mesoporous glass obtained after treatment with
TMOS and calcination (D); (D.1) and (D.2) SEM pictures of the structures preserved after (D) treatment. Wet state: Taut Erodium awn (E) and left-handed
helices after chemical treatment with NaOH (F) and further chemical treatment (G), and right-handed imprinted helical structure after calcination (H);
(H.1) and (H.2) POM pictures of the structures preserved in water, under crossed polarizers with a lambda plate. Scale bars are: (A) and (E) 5 mm;
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guaiacyl unit, the vibration of the syringyl ring and the C–O
stretching, respectively, are also present in all samples.36,37
These results indicate that the chemical treatment, which
allowed the isolation of the active structure of the awn, without
damaging its response to moisture, was effective due to the
presence of a cellulose-based skeleton, which was preserved
and reinforced by a polysaccharide matrix still present in the
structure.
The responsive ribbons, Fig. 5(C), were stored in ethanol
and further investigated in order to establish their structure–
property relationship. The stored ribbons were left-handed,
transparent and birefringent, Fig. 7(A) and (B), retaining these
characteristics when immersed in ethanol (at least for two
years). The transparency of the wet ribbons can be explained
by the matching of the liquid medium and cellulose refractive
indices. When removed from ethanol, the ribbons dry, changing
their shape from left- to right-handed helices and an inner layer
can be isolated, Fig. 7(C) and Fig. S4(A) (ESI†). In view of
potential applications, it is important to stress that the cycles
are reversible (even after 20 cycles). The observation of the dry
ribbons by SEM revealed that they are formed by a bunch of
fiber cells forming a right-handed helical structure, Fig. 7(D).
Each fiber cell, Fig. 7(E), besides showing a series of micro-
holes, Fig. 7(F), was mainly composed of cellulose,34–37 as can
be seen in X-ray diffractograms (Fig. 6(A)), and kept together
by hemicellulose and other polysaccharide constituents (IR
spectra in Fig. 6(B)). The orientation of the cellulose nanofibers,
as seen in Fig. 7(F) and Fig. S4(B), (C), (E), (F) (ESI†), seems to
be tilted compared to the main axis of the fiber cells as also
described in the literature.10,12
Fig. 6 Diffraction and spectroscopic data of treated ribbons. (A) X-ray
diffractograms of pristine Erodium awns (black), and ribbons after
treatment for 3 h (red) and 6 h (blue). (B) IR spectra of pristine Erodium
awns (solid line), and ribbons after treatment for 3 h (dashed line) and 6 h
(dotted line).
Fig. 7 Curvature and torsion of isolated responsive ribbons. (A) Wet left-handed isolated transparent ribbon, and (B) POM image of the ribbon in (A),
between cross polarizers. (C) Photo of the wet ribbon after drying showing an inner and an outer layer (zoom in inset). (D)–(F) SEM pictures of the inner
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The microstructure of the fiber cells, observed in the active
part of the initial isolated awns, was preserved in the meso-
porous material, Fig. 5(D.1) and (D.2). While the response to
water was prevented in the solid material, its transparency and
birefringence are preserved after immersion in water (Fig. 5(H),
(H.1) and (H.2)). The anisotropy found in ribbon templates was
preserved in the mesoporous structures. Shopsowitz et al.38 also
reported ordering in free-standing mesoporous silica films
obtained from cellulose-based templates with anisotropy.
The chemical treatment mainly modified the physical pro-
perties of the fiber cells responsible for the awns’ and ribbons’
movements, but the coiling mechanism was preserved, see
Fig. 5(D)–(F). However, non-treated and treated fiber cells,
after drying, show distinctive features in their shape, as can
be readily observed in Fig. 8(A) and (B). Instead of sewing
thread-like and circular fiber cells as observed in Fig. 8(A)
and well described in the literature,12 treated fiber cells display
wrinkles along the tangential axis and have sinuous-like cross-
sections, Fig. 8(B). The presence of wrinkles perpendicular to
the main axis of a swelled cylinder, formed by an inner hard
core and an outer soft shell, is likely to appear due to shrinkage
perpendicular to the main axis of the fiber cell.39 The wave-
length and orientation of the wrinkles depend on the stress
applied to the main axis of the cylinder and the mechanical
characteristics of the core and the shell.40 The deformation of
the cross-section is presumably due to the deformation in the
radial direction of the fiber cell.41 The existence of the wrinkled
surfaces in the fiber cells that form our ribbons can be justified
by two main reasons. One is related to high volume strain when
the ribbons are wet due to the chemical treatment, which
allows the ribbons to swell more than the initial Erodium awns.
In fact, the swelling ratio between the treated ribbons and
the initial awn in water is 2.2. The other reason concerns the
preferential chemical attack used that essentially occurs at the
outer surfaces of the fiber cells, preserving their main interior
structure and favoring the formation of an outer shell with
different mechanical properties. In fact, the outer shell appears
to present some deformation patterns upon wetting, by close
observation of the POM picture taken between cross polarizers,
Fig. 7(B), 8(C) and Fig. S4(D) (ESI†). The walls of the fiber cells
appear to be modulated by a periodicity that runs parallel to the
fiber cells’ main axis, formed by an inclined intricate network
of cellulosic nanofilaments. From these observations, we can
infer that the helicity of the fiber cells arises from the difference
in the mechanical properties between their external and internal
layers associated with the asymmetric contraction and expansion
of the nanofiber network. Considering these observations, we can
assume that the intrinsic curvature and torsion of the ribbons
arise from the pristine tilted arrangement of the cellulosic fibers,
which is preserved in the fiber cells, and the cooperative large
asymmetric expansion and contraction when wet and dried,
respectively.
The chemical attack modified the physical properties of the
cellulose network but did not destroy the sewing thread-like
structure of the fiber cells at the nanoscale, preserving their
tilted structure, previously mentioned in the literature.10
Considering these observations, we can assume that the curva-
ture and torsion of the ribbons arise from the pristine tilted
arrangement of the cellulosic fibers in the active fiber cells. The
reversal of the helix at the macroscale is associated with the
stretching of the tilted cellulosic fiber network in diagonal
directions. This is achieved because the cellulose network is
now more permeable to water due to the chemical treatment.
Moreover, the structure imprinted by the plant is always ruling
the process with the difference that fiber cells can further expand
and contract, in comparison to the non-treated structure.
The movements associated with fiber hydration were recorded,
Fig. 9(A)–(H) and Movie S5 (ESI†). The ribbon changes its shape
from a right- to a left-handed helix through the formation of
an untwisted segment, in a few minutes, proving that the twist
and bending of the ribbon is not uniform along the ribbon. The
left-handed helix appears after the formation of the segment,
which remains in the same place along the ribbon, while the
right-handed helix untwists. Moreover, the transparency of
the ribbon changes as it swells in water as expected due to
the matching of the refractive indices.
3.3 Reversing handedness: a simple model
The inversion of handedness and which side of the awn stays in
the inner or outer region of the helical shape can be understood
by considering an equivalent rod that, upon contraction and
expansion, is under the effect of forces tilted with respect to the
axial direction, as shown in Fig. 9(I) and Fig. S3 (ESI†). The
equilibrium bond distances in one side of the rod, emphasized
with a thicker line, are decreased or increased to generate
compression and expansion, respectively. During the compres-
sion cycle, corresponding to the drying of the awns, the rod
curls and adopts a right-handed helical shape with increasing
curvature and torsion. The compressing region, depicted with
colors ranging from green to red, remains in the inner region of
the helix. Afterwards, when the modified bonds expand, the
structure starts to unwind and then, after reaching the initial
point, starts to curl with the opposite handedness (Fig. S2 and
Movie S6, ESI†). Furthermore, the switch of the handedness is
also followed by a change on which side the expanding region
appears. Instead, the expanding region, depicted with colors
Fig. 8 Cellulose-based fiber cells. (A and B) SEM pictures of the fiber cells,
original (A) and after treatment (B), isolated from the inner layer of the
Erodium awns, and (C) POM image in transmission mode, between cross
polarizers, of a wet ribbon, showing a periodicity (1.5 mm to 2 mm) running
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ranging from green to blue, now appears in the outer region of
the helix. This model gives a simple, yet effective, explanation
as to why treated awns with higher swelling capacity invert their
handedness and, also, swap the side of the location of the awns’
hairs (outer side when dry and inner side when wet). Moreover,
this explanation describes well our results and others published
in the literature.22
4 Conclusion
In the present work we have described how ribbons isolated
from Erodium awns preserve their hygroscopic moisture
movements. The helical ribbons show reversible inversion of
chirality from wet to dry states. The chemical treatments used
allowed the isolation of the active part of the awns – right-
handed helices appeared for dry and wet ribbons, while left-
handed helices only appeared for wet ribbons. Molecular
simulations confirmed the inversion of chirality, also quanti-
fied and followed with a suitable geometrical indicator. Fiber
cells existing along the isolated ribbons are responsible for the
behavior observed. The fiber cells consist of stiff cellulose
nanofibers wrapped inclined along their main axis embedded
in a soft matrix. Moreover, the dry fiber cells show an outer
wrinkled surface not evident for the fiber cells present in
the initial Erodium awns. Simulations were used to describe
qualitatively the dynamics of the ribbons and the hygroscopic
chirality inversion observed, considering the existence of an
elastic filament with intrinsic curvature and torsion due to the
chemical treatment and the imprinted tilted cellulose fiber
network at the nanoscale.
In summary, we have isolated, chemically modified, used
as a template and characterized a cellulose based-skeleton
existing in Erodium awns that can reversibly actuate a change
in chirality with a variation in hydration. Our results open novel
directions of application for cellulosic responsive materials
isolated from Erodium awns.
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Supplementary Text and Figures
Winding and unwinding behaviors and structural characteristics of pristine Erodium seeds
were investigated. Similar results as those found in literature for different Erodium seeds were
also obtained for the Erodium seeds collected in Portugal (Caparica region), shown in Fig. S1.
No left-handed helices were obtained upon hydration of the awns.
Analysis of molecular dynamics simulations have been carried on using the overall evolution
approach described in the main text to follow the changes in the shape of a whole elastic
filament in time. During the compression stage, when the rod curls and adopts a right-handed
helical shape, the chirality index assumes positive values. When the modified bonds start to
expand and the structure starts to reverse the coiling, the Ga decreases, reaching a minimum
of the opposite sign and about the same magnitude, Fig. S2.
The dynamics of ribbons upon contraction and swelling is explained by using a simple
model. A typical array of beads used in simulations is shown in Fig. S3. First and sec-
ond neighbor beads are elastically connected. The asymmetric contraction is generated by
modifying bonds colored in red, as shown in Fig. S3.
The active structure, extracted from the pristine awn, change chirality from right-handed
(un-hydrated state) to left-handed (hydrated state) helices and is transparent and highly
birefringent when wet (Fig. S4, POM results).
2
Fig. S1: Structure and reversible hygroscopic Erodium awns movements: anti-
clockwise helical (dry) and straight (wet) shapes. (A) dry awn with seed, the tail (I and
SEM picture of the cross section, on top left) and the coiling region (II and SEM pictures with
outer surface and cross sections details, on the left) are shown. (B) I: the awn is dipped in a
container with water; it uncoils from an anticlockwise helix to a straight shape. II: the awn is
dried in a controlled atmosphere and temperature environment (T = 60 ◦C), returning to a R
helix. (C) chirality index versus time (I) and a snapshot of the movie (II) built from position,
described by the application point, and orientation, as in the unitary vector, color–coded using
chirality index values. As expected, there are no great fluctuations, since chirality remains
stable during hydration and drying of the awn.
3
Fig. S2: Overall chirality evolution with time. Analysis of the shape of the elastic model
filament investigated with LAMMPS shows that during the compression stage, when the rod
curls and adopts a right-handed helical shape, the chirality index Ga assumes positive values.
As the modified bonds start to expand and the structure reverses the coiling, Ga decreases,
reaching a minimum with the opposite sign.
Fig. S3: Array of beads used in simulations. Elastic filaments were modeled as beads
arranged in a simple cubic lattice and bonded to firsts and seconds neighbors. Asymmetry
along the filament was generated by modifying the equilibrium bond distances of specific
second neighbors, as illustrated with red cylinders.
4
Fig. S4: Active layer in chemically treated ribbons. (A) Dry ribbon after chemical
treatment and swelling in a red dye. Inner (pink ribbon) and outer (whitish ribbon) layers
can be isolated. (B) and (C) SEM pictures of tubes (R helix) and of the tubes surface, of
the dry inner layer. (D) POM picture of the wet (L helix) ribbon, between cross polarizers
showing the two birefringent transparent layers The wrinkles at the tubes surface and details
of the nano structure showing cellulose nano fibrils are given in (E) and (F).
5
Movie Captions
Movie S1: MRI animation .gif of slices of the Erodium wet fruit along its main axis.
Movie S2: 3D MRI movie of the Erodium fruit
Movie S3: Time-lapse movies of an Erodium seed explosive dispersal from fruit
Movie S4: Hydration of an awn in an alkali water solution (5% w/w) (speed:8x). The
movements of the awn are highlighted by a red dot.
Movie S5: Hydration of an inner treated ribbon in water.
Movie S6: Molecular dynamics simulation showing the switch between right- and left-
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Abstract Oil spills on ocean waters represent a
major threat to marine ecosystems. A significant part
of the spilled oil is dispersed in microdroplets that are
not recovered by traditional oil-removing methods. In
this work, we report on the manufacture of cellulose
acetate (CA) electrospun non-woven membranes,
stamped with different cellulose nanocrystal (CNC)
patterns. We demonstrate the use of the membranes
produced as selective oil microdroplets removal from
water emulsions with an efficiency up to 80%.
Screenprinting was used to imprint different CNC
designs on the CA surface membranes. To promote the
adhesion between the CNCs and the CNCs with the
CA fibers the membrane was subjected to a thermal
and chemical treatments. Oil droplets were collected
under water in the oleophilic CNC pattern while the
water could flow through the hydrophilic CA electro-
spun non-woven membrane.
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Graphic abstract The application of a non-woven
all cellulosic composite membrane for separation of a
water/oil suspension is presented. The under-water
wetting behavior, of annealed cellulose nanocrystals,
for oil is studied. Special consideration is given to the
capability for the collection of oil micro droplets in
aqueous suspension and the influence of the geomet-
rical pattern of the cellulose nanoparticles layer in oil
recovery efficiency.
Keywords Cellulose nanocrystals  Oil  Water
emulsions  Electrospun membranes  Screenprinting
Introduction
Oil plays an important role on modern society. The
different types of industries require abundant volumes
of it to satisfy the consumer needs worldwide. Every
day large amounts of oil are transported by sea from
one continent to another. This increases the probability
of accidents involving oil spills into the ocean waters
with direct impact on the ocean marine life and, with
time, with impact on the entire food chain. The
recovery of spilled oil from the ocean has received
significant attention in recent years and different
methods to separate oil from sea water like, among
others, gravity separation (Yoon et al. 2014; Ma et al.
2016), flotation (Xu et al. 2015), skimming floatation
(Ju et al. 2015), coagulation (Suzuki and Maruyama
2005) and oil-sorbent materials (Jin et al. 2016; Ma
et al. 2016) are already available. Those techniques,
however, have some limitations. Not only do they use
complex separation steps (Yoon et al. 2014) and
require input of energy, but they can also generate
secondary pollutants (Padaki et al. 2015) that are
undesirable (some dispersants contained nonylphenol
ethoxylates that have the potential to originate com-
pounds with endocrine-disrupting properties) (Barron
2012). One of the most important limitations that
conventional oil-recovery techniques present is the
collection of oil dispersed in micrometer droplets,
after an oil-spill accident (Kota et al. 2012). These
droplets form emulsions with the seawater affecting
marine life and represent an important source of
pollution. In this way, some work was done with the
aim of overcoming this problem and removing micro
droplets of oil from water (Field 2012; Kota et al.
2012; Kwon et al. 2012; Li et al. 2013; Cheng et al.
2017; Zhan et al. 2018a, b) with other methods under
development. Despite this, after an oil spill in the
ocean, most of the oil that exists in micrometer
droplets still acts as pollutants. A significant portion of
the spilled oil in the ocean was never recovered and is
lost; in 2010, oil tanker Eagle Otome collided and
released about 1,750,000 L of crude oil and 663,000 L
were dispersed in the water (Board 2010). The
removal of the dispersed oil micro droplets is,
therefore, of crucial importance. Cellulose acetate
membranes obtained by casting solution (Haddada
et al. 2004), electrospinning (Tian et al. 2011) and wet-
spinning (Chouet al. 2005) just to name some
techniques, have been used for water filtration and
cleaning for many years. The high versatility of
cellulose acetate membranes as a filtration component
also allows them to be used for blood filtration (Ye
et al. 2002, 2003) and for oil/water separation (Chen
et al. 2009).
Despite the hydrophilic character of the cellulosic
materials, affinity between oil and carbon-based
materials was observed and used previously to remove
oil from water (Liu et al. 2013; Meng et al. 2015). The
concept of this new composite material is to take
advantage of the underwater oleophilic character of
the heat-treated aCNCs supported by an oleophobic
flexible CA membrane. The annealed CNCs (aCNCs)
is responsible not only to give rise to this oleophilic
character underwater but also to promote the forma-
tion of a stable network underwater. The role of the
non-woven CA membrane is to provide the
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mechanical support to the aCNCs and give flexibility
to the material when in use, to ensure that it resists
handling and off-shore operation conditions. The
obtained composite membranes were tested to evalu-
ate their morphological characteristics and the adher-
ence of the CNCs was confirmed by using scanning
electron microscopy (SEM). The interaction of the
composite with the oil drops was evaluated by contact
angle measurements and the oil-recovery efficiency
was assessed.
In this work, we report the use of a new all-
cellulosic composite non-woven membrane derived
from cellulose acetate (CA) and cellulose nanocrystals
(CNC) (Goetz et al. 2018), to collect oil microdroplets
and remove oil from an emulsion in water. The non-
woven membrane combines the properties of biocom-
patibility, biodegradability and recycling. Membranes
normally used for oil/water separation belong to one of
two categories (Feng et al. 2004; Maguire-Boyle and
Barron 2011; Xue et al. 2014; Zhang et al. 2014):
hydrophobic or hydrophilic. The cellulosic mem-
branes prepared in this work, under water, have
oleophilic spots with oil adherence capability. The
hydrophilicity of the cellulose acetate non-woven
membrane is directly responsible for the low resis-
tance offered to the flow of water that passes through
the membrane, allowing the treatment of a high
volume of water/oil mixture by unit of time. This is an
important property for scaling-up the system.
Experimental section
Electrospinning
The non-woven membranes were prepared by elec-
trospinning, which is a well-studied technique to
produce micro/nano fibers (Feng et al. 2004) from a
solution of cellulose acetate, ( Mw= 50,000, with a
degree of substitution of 2.7), with a concentration of
12% (w/w) in acetone and dimethylacetamide, in a
proportion of 66.7% (w/w) and 33.4% (w/w), respec-
tively. Cellulose acetate, acetone and dimethylac-
etamide (DMAc) were purchased from Aldrich and
used asreceived from the supplier. The prepared
solution was poured into a 1 mL syringe fitted with a
21-gauge needle. During fiber production, the flow of
polymeric solution inside the needle was
0.2 mL min-1, the distance between the needle and
the target was 12 cm and the applied voltage 20 kV.
The electrospinning process was carried out until the
membrane thickness was between 400 and 500 lm.
Residual traces of solvents present in the non-woven
membrane were removed by keeping the non-woven
membranes in vacuum overnight, at room temperature
(23 C).
Cellulose nanocrystals synthesis
Cellulosemicrocrystalline derived from cotton (MCC-
Avicel PH 101) and sulphuric acid were purchased
from Sigma-Aldrich and used without further treat-
ment. Cellulose nanocrystals (CNCs) were obtained
by sulphuric acid hydrolysis based on the method
described by Gray et al. (Revol et al. 1992; Cranston
and Gray 2006) with minor adaptions (Gaspar et al.
2014). In a typical procedure, 5 g of CMC was
hydrolyzed with sulphuric acid with an acid/solid ratio
of 8.5:1 at 45 C for 130 min under vigorous stirring.
The reaction was quenched with tenfold of ultrapure
water. Ultrapure water was purified with a Milli-Q
Elix Advantage 3 System (Millipore). The excess of
acid was removed by successive dilution and cen-
trifugation with ultrapure water until the supernatant
was turbid (pH = 1.5–3.9). The content of CNCs in the
suspension was increased by subsequent centrifuga-
tions at 14,500 rpm for 40 min. The suspension solid
content of approximately 11% (w/w) was determined
gravimetrically from the average of 7 samples.
The average crystal dimensions (length and width)
were determined by scanning electron microscopy
(SEM) images, using a Carl Zeiss Auriga crossbeam
(SEM-FIB) workstation instrument equipped with an
Oxford energy dispersive X-ray spectrometer. 10 lL
droplets of 0.01% (w/w) CNC suspension were
deposited onto silica substrates and allowed to dry at
room temperature. The samples were coated with a
thin Au film using a Q150T ES Quorum sputter coater.
The nanoparticles visible in these images were mea-
sured with ImageJ (version 1.45s, https://imagej.nih.
gov/ij/) and scaled according to the magnification
quoted by the microscope software. A minimum of





Screenprinting technique was used to stamp the layer
of the CNC particles on the surface of the electrospun
membranes. Screenprinting is a simple and inexpen-
sive method to print 2D-patterns on a large range of
substrates (Krebs et al. 2009) and is suitable for
resolutions as low as a few microns. A concentrated
aqueous suspension of CNC particles (11% w/w) was
spread onto the surface of a screen, with the desired
pattern, and transferred to the CA membrane by
moving a rubber squeegee across the screen, forcing
the CNC particles to pass through the screen mesh.
The screen used has a mesh count of 207 cm-1, an
aperture of 81 lm, a wire diameter of 55 lm and an
open surface of 30% with a theoretical volume of 26.6
cm3 m-2.
The non-woven membranes were decorated with
the CNC particles by using two different screenprinted
patterns; a dotted pattern with a dot diameter of
200 lm with spacing between dots of 500 lm and a
gridded pattern (Fig. 1c), with stripes of 200 lmwide,
spaced by 1000 lm (Fig. 1e). After deposition, the
composite membranes were annealed in a pre-heated
oven at 150 C for 20 min, without an inert atmo-
sphere. The annealed composite membranes will be
designated as aCNC. The screenprinting process was
performed only in one side of the CA electrospun
membrane. The average membrane thickness of
500 lm was estimated from 10 measurements
obtained from different membrane areas with a
Mitutoyo digital micrometer.
Infrared spectra measurements (FTIR)
The Infrared (IR) spectra, before and after annealing,
were acquired. An attenuated total reflectance (ATR)
sampling accessory (Smart iTR) equipped with a
single bounce diamond crystal on a Thermo Nicolet
6700 Spectrometer was used. The spectra acquisition
was made with a 45 incident angle in the range of
4000–525 cm-1 and a 4 cm-1 resolution.
Fig. 1 Schematic representation of the composite membrane structure before (a) and after (b) annealing. Photographs of the composite
membranes obtained after screenprinting (c, e) and annealing (d, f)
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X-ray photoelectron spectroscopy (XPS)
For X-ray photoelectron spectroscopy, a Kratos Axis
Supra was used with a monochromatic Al Kal-
pha source (1486.6 eV). All detailed spectra were
recorded at a pass energy of 20 eV. The infiltrated
membranes were measured at an X-ray power of
375 W with a 110 microm aperture. The particles and
the membrane alone were measured at 225 W without
aperture. CasaXPS was used for data analysis.
Membrane morphology
Photographs of the composite membranes were
obtained using a Casio Exilim EX-F1 camera. SEM
images were obtained, with the Carl Zeiss equipment
described above, to characterize the membrane mor-
phology before and after being exposed to the heat-
treatment. The membranes were previously coated
with an Au/Pd conductive film for avoiding charge
effects. In order to determine the thickness of the layer
of NCC particles deposited by the screenprinting
technique, observations of the cross-section of the
membrane, after annealing, were observed using
SEM. To ensure that a fragile fracture was obtained,
the membrane was dipped in liquid nitrogen prior to
breaking using two tweezers.
Tensile tests
The influence of the layer of aCNC particles on the
mechanical properties of the electrospun membrane
was measured by using uniaxial tensile testing. These
tests were carried out using a tensile testing machine
from Rheometric Scientific (Minimat Firmware 3.1)
and at least five samples for each pattern were
performed. A 20 N load cell was used, and tests were
performed with a speed of 2 mm min-1. The com-
posite CA membranes were cut with 30 mm length
and 10 mm width. For the gridded annealed CNC
composite membrane, the force was applied along the
same direction as the screenprinted stripes.
Oil affinity
To evaluate the composite membrane affinity to micro
oily droplets, air and under water contact angle
measurements were performed using an OCA15
contact angle measuring instrument (DataPhysics
Instruments GmbH, Filderstadt, Germany). Probe
liquid micro drops (volume & 5 lL) were generated
with an electronic micrometric syringe and deposited
on the sample surface. During these measurements a
droplet of the probe liquid was placed on the surface.
Underwater measurements were performed according
to the scheme shown in Fig. 3. A sequence of images
was obtained with the system video camera and
recorded during 1800 s at a rate of 2 frames per
second, starting from the moment of the drop depo-
sition. The contact angle was determined at the
moment of the drop deposition and settlement (0 s)
and its evolution during the next 1800 s. This was
achieved by fitting the shape of the drop (in the
captured video image) to the Young–Laplace equa-
tion, which relates the interfacial tension to the shape
of the drop. A total of at least five drops for each probe
liquid was dispensed and each drop was placed in a
different region of the sample (Fig. 3c). The results
correspond to the average of six independent mea-
surements with a standard deviation below 3. The
probe liquids used were ultrapure water and extra-
virgin olive oil obtained from a local producer. To
study the static contact angle of the coated CNCs
regions on the composite membrane, CNC films were
prepared, by solvent casting from the CNC suspen-
sion, and submitted to the annealing process. This
method was used to ensure that the static contact angle
is determined onto a single-phase surface. Water and
oil contact angle measurements were performed on
CNC and aCNC films. Image acquisition, analysis and
contact angle determination were performed using the
SCA15 v.4.3.12 and v.4.3.16 software (Dataphysics
Instruments GmbH, Filderstadt, Germany).
Oil microdroplets capture
To evaluate the capability of the composite membrane
to capture oil microdroplets dispersed in water, a
filtration setup was build using the striped composite
membrane. An oil/water (o/w) emulsion was obtained
from 0.05% (w/w) oil/water mixture after 10 min of
sonication. The filtration setup consisted in fixing the
membrane (25 mm in diameter) inside two acrylic
tubes, with the composite membrane acting as a filter.
The membrane was wetted prior to the testing and
approximately 100 mL of emulsion was filtered by the
driving force of gravity. Optical microphotographs
were taken using transmission mode, between parallel
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polars, with and Olympus BX 51 microscope,
equipped with and Olympus DP 73 camera, to
determine oil microdroplet frequency in the o/w
emulsion before and after filtration. The oil micro-
droplets diameters were measured with ImagJ (version
1.49v) and scaled according to the magnification
quoted by the microscope software. Oil droplet
diameter distribution was accessed using Analyze
particle tool from ImageJ.
Results and discussion
In Fig. 1 schematic representations of the composite
membrane structures before (a) and after (b) annealing
are presented. From Fig. 1c–f the produced composite
membranes exhibit a patterned layer of aCNC very
similar to the mesh used, which reflects a good pattern
reproduction when using this screenprinting process.
After annealing (20 min at 150 C) the color of the
CNC dots and grids became darker (Figs. 1d, 3f). The
reverse side of the composite membrane remained
white indicating that there is no presence of CNCs.
SEM observations showed that the cellu-
lose nanocrystals obtained by acid treatment present
a rod-like shape with an average length of 152 nm,
associated with the standard deviation of 65 nm and
average width of 17 nm, with standard deviation of
7 nm (Fig. S1).
To determine if there is any chemical change during
the annealing stage, Fourier-transform infrared spec-
troscopy (FTIR) measurements were performed on the
CNC particles before and after annealing (Fig. S2). In
the spectra obtained for the CNC before annealing it is
possible to observe the characteristic peaks for cellu-
lose at 3400 cm-1 and 1060 cm-1. One other peak
that is also characteristic of cellulose at 2900 cm-1
was not observed. In the FTIR spectra for the annealed
CNCs is possible to observe some differences in
positions of the peaks. In the 750–1000 cm-1 region,
the observable peaks corresponding to the stretching
of the S–O bond, due to the presence of sulphate
groups attached to the CNCs surface, are not observed
when the FTIR is performed using CA membranes.
Also, the peaks in the 1350–1175 cm-1 region became
more intense. The peak located at 2900 cm-1 becomes
visible after annealing. However, the peak that is
located at 3400 cm-1, corresponding to the stretching
of the O–H bond of the cellulose, is no longer present.
The darker coloration observed in Fig. 1d, f can be
attributed to the CNC annealing process. The degra-
dation process of CNC is reported to occur within the
region of 170–300 C, contrasting with the range of
280–380 C for microcrystalline cellulose (Gaspar
et al. 2014). It is also known that the presence of
sulfate groups in the CNC leads to a lower and wider
degradation processes (Roman and Winter 2004;
Morais et al. 2013; Gaspar et al. 2014; Meng et al.
2015). Roman et al. have shown in the hydrolysis of
bacterial cellulose that the sulfate content increases
with the hydrolysis time, acid concentration and acid-
to cellulose ratios and their results suggested that the
sulfate groups have a catalytic effect on the CNC
degradation process (Roman and Winter 2004).
In the production of the composite membranes
reported here, the annealing step (temperature within
the range of the CNC degradation) seems responsible
to reduce the number of –OH groups (hydrophilic
groups) present in the nanoparticles surface, mainly
due to the possible formation of cross-linking bonds
between the free OH of aCNC, CA and carbonyl
groups present in the aCNC (Roman andWinter 2004;
Meng et al. 2015). The annealing process seems to
promote not only the formation of nanocrystalline
cellulose network but also the adhesion between the
aCNC layer and the electrospun CAmembrane. In this
process the low temperature (150 C) is enough to
produce a stable network but not high enough to obtain
char. The presence of the sulfate groups in the CNC
surface also diminishes and widers the cellulosic
degradation process. It is well known that nanoscale
material allows thermal treatment temperatures to be
reduced (Roman and Winter 2004).
The characterization of the chemical changes, that
occur during that annealing of the composite mem-
brane, was performed by X-ray photoelectron spec-
troscopy (XPS). Since the responsibility for the color
change of the composite membrane must be due to a
chemical reaction in the CNC region, XPS measure-
ments were done, for the orbitals 1 s of carbon and 2p
of sulfur, using a CA non-woven membrane and CNCs
placed on the surface of a glass slide (before and after
annealing) (Fig. S3). The aCNC particles exhibit a
dark color even when they are not on a CA membrane.
Concerning the CA membrane, the XPS results show
the presence of several chemical bonds with carbon
atoms (Fig. S3 a) and no chemical bonds with sulfur
atoms (Fig. S3 b). Analysis of Fig. S3 shows that the
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spectra of carbon and sulfur remain unchanged
(Fig. S3 c, d, e and f) before and after annealing,
indicating that the dark color could be due to chain
rearrangement without loss of atoms. The annealing
stage promotes cross-linking between the CNCs,
leading to a decrease in the distance between cross-
linking points (Streitwieser et al. 1998). This mech-
anism can be considered equivalent to a decrease of
the molecular weight observed when the cross-linking
increases in a polymer. This phenomenon is normally
associated with the appearance of a darker color in
polymeric samples (Hofmann 1998) and should be the
responsible for the darker color of the aCNC. As can
be observed in Fig. S3 e and f, the peaks corresponding
to the sulfur 2p orbital are well defined and similar
both before and after the thermal treatment. This
shows that sulfur is still present after annealing and
that the dark color is not due to any chemical reaction
involving the release of sulfur.
The aCNC layer remained attached to the non-
woven CA membrane even after the composite
membranes have been submerged in water for several
weeks, which indicates that adhesion exists between
the aCNC particles and the electrospun membrane.
Using the already mentioned imaging analysis soft-
ware (image J), the height of the NCC layer was
measured in 20 different positions and the obtained
value for the thickness is 13.90 ± 1.3 lm (Fig. S4).
The under-water membrane stability is of great
relevance because it means that, in real life off-shore
operations, there will be no release of nanoparticles
into the ocean waters that would contribute to further
ocean pollution. These membranes also continue to
exhibit the flexibility characteristic of the CA electro-
spun membranes.
The adhesion between the CNCs and the CA
membrane was also observed by SEM observation
(Fig. 2). The good transfer of the pattern, already
observed in Fig. 1d, f, and its replication with enough
detail was confirmed. A section of the patterned aCNC
layer can be observed in Fig. 2a , a group of
individualized aCNC dots is clearly visible, with
average diameters of 200 lm. Figure 2b is a magni-
fication near the border of a aCNC dot; two regions can
be observed, a dense region, corresponding to the
aCNC layer, and a porous one that corresponds to the
CA electrospun fibers. Figure 2c is a high-magnifica-
tion picture of the surface of an aCNC dot and it is
possible to observe that the particles maintain their
individuality, the value of the width is in average of
15 nm with standard deviation of 4 nm, and the length
is 100 nm with standard deviation of 25 nm. Fig-
ure 2d–f were taken according a similar sequence but
using a composite membrane screenprinted with a
gridded pattern. In both cases it is possible to observe
that aNNC morphology is not affected by changes in
the pattern design.
The influence of the aCNC particles in the
mechanical properties of the composite membrane
was measured by tensile testing. Comparison of the
results obtained for the CA electrospun membranes
and for composite membranes, with the dotted and
gridded screenprinted CNC layers after annealing, can
be seen in Fig. S3. The aCNC contributes to the
improvement of the mechanical properties of the
composite membranes, with both dots and grid
patterns originating an increase in the Young modulus
value, 90  5 MPa and 100  4 MPa respectively,
when compared with the Young modulus of the CA
electrospun non-wovenmembrane 30 3 MPa.When
the gridded pattern is used, an increase of one order of
magnitude is observed for the Young modulus. This
could be explained by the fact that, during tensile tests,
the force is applied along the direction of the stripes
that form the gridded pattern. Composite membranes,
in comparison with the CA electrospun membranes,
showed a significant increase for the yield strength
value with approximately 1.000 ± 0.03 MPa against
almost 2.000 ± 0.08 MPa.When comparing values of
strain until fracture it is observable that the CA
electrospun membrane exhibits a value that is approx-
imately the triple of the strain until fracture of the
coated composite membrane. The improvement in the
mechanical properties, when compared with CA non-
woven membranes, is due to the covalent links formed
during annealing, in-between the CNC particles and
between the CNC particles and the CA fibers from the
non-woven matrix.
The composite membrane production process pre-
sented in this work allows the tailoring of the
membrane structure. This method is an improvement
when compared with previously published work
where the composite membranes are produced using
synchronous electrospray and electrospinning (Jian-
long et al. 2018), allowing a better control of the area
covered by the CNC particles and the pattern formed.
The produced membrane has two distinct responses in
contact with a water/oil micro emulsion. During
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separation of oil from water, the region where the non-
woven membrane is exposed is responsible for the
flow of water through the composite membrane. At the
same time, regions covered by aCNC are responsible
for catching the oil microdroplets. One benefit of the
screenprinting technique in the production of these
type of membranes is the possibility to easily change
the ratio of aCNC covered area, and pattern design, to
maximize the water flow that crosses the composite
membrane and, at the same time, the amount of
captured oil.
The oil affinity essays performed under water
revealed that when an oil droplet is placed on the
surface of the composite membrane, touching only the
CA membrane, no oil-capture is observed, the oil
droplet stays attached to the needle of the syringe.
However, the aCNC layer has the capability to capture
the oil droplets and prevent their movement to the
water surface (schematic in Fig. 3a, b and photo in
Fig. 3c).
Water and oil contact angle measurements were
performed for CNC and aCNC thin films to ensure that
the static contact angle is determined onto a single-
phase surface (Fig. 4). These results are used to
understand the interaction between oil micro droplets
and the aCNC layer of the composite membrane. It
was observed that the initial water contact angle for
the CNC film, h0 = 59, and aCNC film, h0 = 58,
decreases gradually over the 1800 s to values of
h1800 = 14 and h1800 = 15, respectively. The oil
contact angle for the CNC film, h0 = 49, and aCNC
film (h0 = 42) presents a fast decrease in the first
seconds and then stabilizes in approximately the same
value (h1800 = 24 and h1800 = 29, respectively). The
contact angle for oil (hoil) is slightly smaller than water
contact angle (hwater) because oil has a lower surface
tension than water (Melo-Espinosa et al. 2014). This
behavior shows that the annealing process does not
change the character of the CNC thin films. In air, the
contact angle of water and oil, for the same substrate,
is inferior to 90. This reveals that the CNC thin films
(with and without annealing) present a typical
amphiphilic property in air (Wang et al. 1997); hwater
lower than 90 is characteristic of hydrophilic surfaces
and hoil lower than 90 is characteristic of oleophilic
surfaces. Materials with amphiphilic character are
promising for several applications namely to use self-
cleaning surfaces (Wang et al. 1997; Andre et al.
2013).
Underwater oil contact angle for aCNC thin film
was measured to understand the composite membrane
behavior when immersed in water. Underwater oil
contact angle measurements were only possible for the
aCNC film, because without annealing CNC thin film
dissolves in water. This behavior is explained by the
absence of acid catalyzed, still present in the CNC’s
suspension, esterification of carboxylic acid groups
with cellulose hydroxyl groups promoted by the heat
Fig. 2 Sequence of SEM pictures of the two screenprinting patterns after annealing: dotted pattern (a–c) and gridded pattern (d–f).
Picture of the non-woven AC membrane and the aCNC-coated area (b, e) and detail of the aCNC covered region (c, f)
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treatment. The annealing confers stability and strength
to the CNC layer, preventing its elimination during the
filtration process; this, in turn, contributes for lifetime
increase of the membrane (Rohrbach et al. 2014). The
oil droplet deposited onto the aCNC thin film is
approximately spherical in shape and the contact
angle, after deposition and settlement, is as high as
180 ± 3 and remains stable over 1800 s. It is also
possible to place an oil droplet onto the aCNC thin film
that is underwater in a vertical position (Fig. 4d, e).
These results indicate that aCNC region of the
composite membrane is responsible for the capture
of oil microdroplets, avoiding their movement to the
water surface when the membrane is underwater
(photo in Fig. 3c and photo in Fig. 4c).
The results obtained for the aCNC thin film are
consistent with the observations, already mentioned
by some authors, that hydrophilicity in air results in
underwater oleophobicity (Yong et al. 2014). In our
case, the aCNC presents an underwater oil contact
angle higher than 150 that is characteristic of
superoleophobic surfaces (Wang et al. 2015). The
chemical composition of the aCNC layer is responsi-
ble for the small underwater contact area between the
membrane surface and the oil droplet. The micro-
scopic surface roughness, observed for the aCNC layer
deposited onto the membrane, contributes for the
amplification of the underwater oleophobicity. In air,
the wettability of the solid surface is estimated by the
contact angle determined accordingly to Young’s





where coa, cwa, and cow are the oil–air interface
tension, water–air interface tension, and oil–water
interface tension, respectively. ho, hw, and how are the
contact angles of oil in air, water in air, and oil in
water, respectively. Using Eq. (1) it’s possible to
obtain confirmation that a hydrophilic surface in air
becomes oleophobic underwater (Liu et al. 2009).
Taking into consideration that olive oil interfacial
tension with air (coa) is 33 mN m
-1 (Melo-Espinosa
et al. 2014) and water surface tension (cwa) is
73 mN m-1 (Liu et al. 2009). The olive oil/water
interfacial tension (cow) is 23.56 mN m
-1 (Fisher et al.
1985). In air, the olive oil contact angle on aCNC
surface measured was 42, and water contact angle
was 58. As result in Eq. (1), cos how = - 0.929 thus
how = 158.4 indicating the aCNC thin film behaved
as oleophobic surface in water. The calculation result
differs from the experimental value because the
Young’s equation does not take into consideration
the surface roughness. Two different models were
developed to explain wetting behavior on a rough
surface, Wenzel (1936) and the Cassie and Baxter
(1944) regimes. The Wenzel model takes into consid-
eration that the surface roughness is responsible for the
amplification of surface wettability (h\ 90) or
nonwettabilty (h[ 90), depending on the chemical
properties of the surface (Wenzel 1936). The highest
contact angle value reported for water on a smooth
surface is around 120 (Nishino et al. 1999). Higher
values are only possible due to the presence of small
protuberances that are surrounded by air and that
Fig. 3 Schematic of the method used for contact angle measurement for oil droplets in water using a CA membrane coated with
annealed CNCs (a, b) and photograph of oil droplets (5 lL) deposited on the composite membrane (c)
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cannot be wetted by the liquid. For this system
composed of solid, air and water described by the
Cassie–Baxter equation, obtained by a modification of
Young’s equation in an oil/water/solid system, where
the rough surface is composed of solid and water, the
Cassie model is described by Eq. (2).
cos h0o ¼ f cos ho þ f  1 ð2Þ
where f is the area fraction of the solid, ho is the
contact angle of an oil droplet on a smooth surface in
water, and h0o is the contact angle of an oil droplet on a
rough surface in water. This equation reveals that
hierarchical structure correlated with the three-phase
system is crucial for the super-oleophobic character
(hoil = 180) observed for the aCNC thin film when
immersed in water. The underwater super-oleophobic
Fig. 4 a Graph of water and oil contact angles and underwater
oil contact angles for the CNC and aCNC thin films versus time.
The contact angle values presented are an average of six
independent measurements with a standard deviation below 3.
b Photo acquired at 1800 s using the OCA15 software for the oil
contact angle CNC film and c underwater oil contact angle of
annealed CNC thin film. Photography of the annealed CNC thin
film underwater at a vertical position with a captured oil droplet




character for aCNC thin films, combined with their
capability to adhere oil droplets, reveals that the aCNC
layer deposited onto the AC non-woven membrane is
responsible for the microdroplets capture from an oil/
water emulsion.
The oil-recovery efficiency was assessed, and after
the experiment, oil/water emulsion is much clearer
when compared with the unfiltered one that looks
murky to the naked eye, Fig. 5a. Optical microscopy
of the emulsion before and after filtration (Fig. 5b, c)
reveals that the number of oil microdroplets decreases,
indicating that the composite membrane is effectively
removing oil droplets from water. It is possible to
observe an important decrease in the number of
micron-sized oil droplets (Fig. 5d). Before filtration
the emulsion is mainly formed by droplets whose
diameters are in the 10–30 lm range; after filtration,
mostly droplets with diameters between 10 to 20 lm
are present in the emulsion in a much smaller number
than is observed before filtration. The filtration process
is responsible for the decrease in the number of oil
droplets, in the 10–15 lm range, from 300 droplets to
just 50. This decrease in the number of oil droplets
present in the water/oil emulsion corresponds to an
efficiency of approximately 83% in the removal of oily
droplets with diameters between 10 and 15 lm. The
mechanism of oil separation from an oil/water emul-
sion for the produced composite membranes differs
from the many typical coalescence membrane sys-
tems. Conventional coalescence membranes present
three main steps: first, the membrane captures dis-
persed droplets; second, droplets collected coalesce on
membrane surface; and third, the enlarged droplets
migrate through the filter and are released from the
membrane (Shin and Chase 2004). The process of
coalescence for CA composite membranes is similar
to the coalescence for the first two steps. Dispersed oil
is captured at membrane surface onto the aCNC
features. As the surface density of captured oil
increases, the droplets begin to coalesce on top of
the aCNC layer. The composite membrane design,
hydrophilic and underwater oleophobic spots with oil
adherence capability, promotes oil droplet to displace
and release from the surface. Consequently, oil release
with lower density than water, concentrates at the top
of the filtration cell. The CA composite membranes
here reported present a high capability to capture
dispersed oil microdroplets and the filtration process
was only driven by gravity force which reduces the
energy needed during the water/oil separation pro-
cesses. This also makes the process more efficient and
reduces the impact on the environment.
Fig. 5 Photo of the oil/water emulsion before filtration and
immediately after (a). Optical microscopy photos taken before
(b) and after (c) oil/water emulsion separations. Histogram
showing the number of oil microdroplets in the range 10–65 lm




All-cellulosic composite membranes can be used in
water cleaning applications where the capture of oil
microdroplets is important due to the affinity that
annealed CNCs show to oil under water. Considering
that the major disadvantage presented by conventional
oil capture methods is the inability to remove the
micron-sized droplets, the cellulosic environmentally
friendly and recyclable membranes presented in this
work can play a significant role in oil removing
operations from sea water or from different types of
waste water. The structure of the composite membrane
can be tailored to present two distinct areas with
different behaviors towards oil, in a water/oil micro
emulsion. Hydrophilic and underwater super-oleo-
phobic character is created taking advantage of the
chemical composition and structures of cellulose at
both the macroscopic and micro/nanoscopic scale
without introducing any harmful chemicals. The
screenprinting technique allows the easy change of
the ratio of the covered area, and pattern design, to
maximize the water flow that crosses the composite
membrane and, at the same time, the amount of
captured oil. The combination of the annealed cellu-
lose nanoparticles with non-woven electrospun mem-
branes opens the door to a low-cost environment-
friendly method to remove oil microdroplets from
polluted ocean and waste-oily waters.
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Fig. S1 Scanning Electron Microscopy image of the top surface of a nanocrystalline cellulose 







Fig. S2 Fourier-transform infrared spectroscopy spectra of the CA electrospun membrane and 






Fig. S3 X-ray photoelectron spectroscopy spectra of CA membrane and CNCs on a glass 
surface. Spectra for orbital 1s of carbon for a CA membrane (a), CNCs on glass before (b) and 
after (c) annealing. Spectra for orbital 2p of sulfurfor a CA membrane (d), CNCs on glass before 







Fig. S4 Cross-section of a composite membrane after annealing observed by Scanning Electron 
Microscopy. It is possible to observe the aNCC layer (marked with an arrow) on the surface of 






Fig. S5 Influence of the CNC patterned layer on the mechanical properties of the CA 
electrospun membrane. An increase in the values of the Young modulus and yield stress are 
observed for membranes coated with the CNC layers after annealing, showing that aCNC 
presence contributes for membrane cohesion under mechanical load. 
 
 
 
 
